Direct Reprogramming of distinct cells into GABAergic motor neurons in C. elegans by Kazmierczak, Marlon
Direct Reprogramming of distinct cells into
GABAergic motor neurons in C. elegans
Dissertation
zur Erlangung des akademischen Grades
Doctor rerum naturalium
(Dr. rer. nat.)
eingereicht an der
Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu Berlin
von
Marlon Kazmierczak, M. Sc. Neurobiolgie und Verhalten
Präsidentin der Humboldt-Universität zu Berlin
Prof. Dr.-Ing. Dr. Sabine Kunst
Dekan der Lebenswissenschaftlichen Fakultät der Humboldt-Universität zu Berlin
Prof. Dr. Bernhard Grimm
Gutachter/innen: Prof. Dr. Thomas Sommer
Dr. Baris Tursun
Prof. Dr. Ann Ehrenhofer-Murray
Tag der mündlichen Prüfung: 13. 12. 2018
Abstract
The knock down of genes by RNAi has been fundamental to identify inhibitors of induced
cell transdifferentiation in C. elegans (Tursun et al., 2011). Bacteria strains expressing
dsRNA that target specific genes can be fed to the worm allowing straightforward whole-
genome RNAi screens of the 20,000 genes in the C. elegans genome. However, many
biological processes are regulated by more than one gene raising the need for simultane-
ous knock down of two or more genes to more fully interrogate the regulation of complex
biological processes Two approaches are currently available for double RNAi knockdown,
− two bacteria strains expressing specific dsRNA can be mixed and grown together and
fed simultaneously. Alternatively, a new bacterial clone can be generated carrying a
plasmid on which two RNAi targets of interest are ′stitched′ together. We found that
the results of double RNAi by mixing bacteria are highly variable. In contrast, the sec-
ond approach of using stitched RNAi clones yield a high reproducibility of knockdown
efficiency, but it is for obvious reasons not suitable for a whole-genome approach since
it would require generating 20,000 new plasmids containing both targets on the same
construct.
To address this challenge, we have developed a protocol using bacterial conjugation
mediated by the ′Fertility Factor′ (F) Episome in order to combine two different RNAi
plasmids in a single bacterium. The objective was to be able to transfer a single RNAi
plasmid to a large number of bacterial cells carrying different RNAi clones in one step in
a high-throughput manner for large scale ′double′ or even ′triple′ RNAi screens. To find
enhancers of induced unc-25::gfp expression in the germ line enabled by the depletion of
histone chaperone LIN-53 (RbAp46/48 in humans), double RNAi clones targeting lin-53
and a total of 800 chromatin-related genes were generated and screened. We identified
the Set1/MLL methyltransferase complex member RBBP-5 as a novel reprogramming
barrier that putatively acts in a parallel pathway to LIN-53.
Double RNAi by conjugation permits to reliably knock down two genes simultaneously
in order to study genetic interactions at a genome-wide level, thus further increasing the
versatility of RNAi screens to investigate interconnected biological processes.
II
Zusammenfassung
Der Gen-Knock-down mittels RNAi hat sich als essentiel erwiesen, um Inhibitoren der
induzierten Transdifferenzierung in C. elegans zu identifizieren (Tursun et al., 2011).
Bakterienstämme, die dsRNA exprimieren, das die Expression spezifischer Gene min-
dert, können dem Wurm direkt zugefüttert werden, um einen genomweiten RNAi-screen
der insgesamt 20.000 Gene in C. elegans durchzuführen. Allerdings werden die meis-
ten biologischen Prozesse durch mehr als ein Gen reguliert, was den Bedarf nach einer
Methode generiert, die es erlaubt, zwei oder mehr Gene gleichzeitig runter zu reg-
ulieren, um die Steuerung biologischer Prozesse studieren zu können. Derzeit gibt es
zwei mögliche Herangehensweisen: Zwei verschiedene Bakterienstämme können vermis-
cht und gleichzeitig an den Wurm verfüttert werden. Wir erzielten damit schlecht re-
produzierbare Resultate. Alternativ kann ein neues Plasmid generiert werden, dass die
Zielsequenzen zweier verschiedener Gene enthält. Der doppelte Gen-Knockdown damit
ist sehr zuverlässig. Allerdings ist die Generierung dieser Plasmide zeitaufwendig und
arbeitsintensiv und deshalb wenig geeignet, um genomweite Studien durchzuführen.
Um eine Methode zu entwickeln, die sowohl reproduzierbare Ergebnisse liefert als auch
skalierbar ist, nutzen wir die bakterielle Konjugation, ermöglicht durch ein konjugatives
Plasmid, um Bakterienzellen zu generieren, die zwei verschiedene RNAi-Plasmide enthal-
ten. Das Ziel war es, modifiziere RNAi–Donor-Plasmide mittels bakterieller Konjugation
an eine Vielzahl anderer Bakterienzellen zu übertragen, die bereits ein anderes RNAi-
Plasmid enthalten und dies dann skalierbar im Hochdurchsatzverfahren durchführen zu
können.
Um Enhancer induzierter Expression von unc-25::gfp in der Keimbahn, ermöglicht durch
Knockdown des Histonchaperons LIN-53 (RbAp46/48 in Menschen), zu finden, wurden
RNAi-Klone generiert, die gleichzeitig lin-53 als auch eines von insgesamt 800 verschiede-
nen Chromatin-bezogenen Gene runter regulieren. Dabei identifizierten wir RBBP-5,
Mitglied des Set1/MLL-Methyltransferase-Komplexes, als neuen Barrierefaktor zur in-
duzierten Transdifferenzierung. RBBP-5 agiert dabei mutmaßlich parallel zu LIN-53.
Doppelte RNAi, ermöglicht durch bakterielle Konjugation, erlaubt den simultanen Knock-
down zweier Gene, um genetische Interaktionen zu studieren und erweitert damit die
Einsatzfähighkeit von RNAi-Screens, um untereinander verbundene biologische Prozesse
zu studieren.
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1. Introduction
1.1. Cellular Reprogramming
1.1.1. Reprogramming in general
In metazoan development only the zygote possesses totipotency and therefore has the
capacity to form an entire organism. Beginning with the first series of zygotic divisions,
totipotency is being gradually lost. Thus, the cellular capacity of cells to adapt to diverse
cell fates is restricted and cells become specified for a particular cell type.
Figure 1.1.: Waddington’s epigenetic landscape and cell-fate conversion. (A)
During normal development beginning from a totipotent zygote, cells differentiate first
to a pluripotent and later to a differentiated state while losing their cell fate potential.
(B) Differentiated cells can be converted back into a pluripotent state from which they
can be driven into a new cell type. (C) Cells can directly transdifferentiate into another
cell fate without passing through a pluripotent state.
Originally it was assumed that the specified cell fate could not be altered as imagined
by Waddington in his epigenetic landscapes (Waddington, 1957). However, by expres-
sion of cell-fate inducing transcription factors direct reprogramming can be induced in a
permissive environment (Hanna et al., 2010). Humans possess adult stem cells that allow
to regenerate most tissues such as the epithelium, while others such as neurons cannot
be replaced. Diseases such as blindness caused by photoreceptor degeneration (Jayakody
et al., 2015), Parkinson’s caused by loss of dopaminergic neurons in certain parts of the
midbrain (Jellinger, Bancher, 1998) or dysfunction of different kinds of neurons in se-
lective areas of the brain leading to Alzheimer’s disease (Jenner, Olanow, 1998) are all
examples of diseases or permanent impairment due to damage of neuronal tissue .
Reprogramming of cells allows to model diseases, perform drug screening, and possibly
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Figure 1.2.: Biomedical perspectives
on direct reprogramming. Direct
reprogramming could allow to replace
non-regenerating cells, perform patient-
specific disease modeling, drug screen-
ing etc. Modified from Ladewig et al.
(2013)
replace dead neurons via conversion of neighboring astrocytes (reviewed in Gascón et al.
(2017).
1.1.1.1. Induced pluripotent stem cells in vitro
Already in the 1960s fully differentiated cells could be converted back to an embryonic
stem cell-like state by transplanting the nucleus of Xenopus laevis cells into an endonu-
cleated oocyte, which then gave rise to a new organism (Gurdon, 1962). Gurdon (1962)
could show that during nuclear transplantation the epigenome of a fully differentiated
cell is completely reseted. This landmark study gave rise to a new era of experiments
which culminated in the cloning of the sheep Dolly in 1997, demonstrating that erasing
of the epigenetic information and reprogramming of a somatic cell is also possible in
mammals (Wilmut et al., 1997).
Takahashi, Yamanaka (2006) showed that overexpressing four stem cell specific transcrip-
tion factors, namely the octamer-binding transcription factor 4 (OCT4), sex determining
region Y box 2 (SOX2). Krüppel-like factor (KLF4), and the avian myelocytomatosis
viral oncogene homolog (c-MYC), is sufficient to induce reprogramming of mouse fibrob-
lasts into induced pluripotent stem cells (iPSCs). Similar to embryonic stem cells (ESCs),
iPSCs are able to generate all three germ layers, germ cells, proliferate and show self-
renewal, and form teratomas (Takahashi, Yamanaka, 2006; Park et al., 2008). Using a
combination of Sox2 and Oct3/4 with Klf4 and c-Myc or in combination with Lin28 and
Nanog, human fibroblasts could be reprogrammed into iPSCs (Yu et al., 2007; Park et al.,
2008). New paths in regenerative medicine were opened upon discovery of the return of
the nucleus to pluripotency and the isolation of ESCs from mouse embryos (Evans, Kauf-
man, 1981) and then by the generation of ESCs from human embryos (Thomson et al.,
1998).
Through differentiation of iPSCs a large number of cells can be generated and then
transplanted into patients. However, these reprogrammed cells possess the capacity to
develop teratomas, if they did not fully differentiate before transplantation (Yoshida,
Yamanaka, 2010; Nasu et al., 2013). The generation of iPSCs can modify the genome of
reprogrammed cells, induce a variation of copy numbers, chromosomal rearrangements or
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Figure 1.3.: Two approaches to cell
fate conversion Indirect cellular re-
programming starts by overexpression
of the OSKM factors to generate iPSCs
by de-differentiation, followed by over-
expression of a cell-fate inducing tran-
scription factor. Direct reprogramming
omits de-differentiation and the cell is
directly converted into another cell type.
OSKM factors: Oct3/4, Sox2, Klf4, and
c-Myc. Picture: Tursun lab.
aberrant epigenetic signatures (Gore et al., 2011; Hussein et al., 2011; Pasi et al., 2011).
To avoid the risk of teratoma formation, direct reprogramming could be an alternative
for regenerative medicine.
1.1.1.2. Direct reprogramming (transdifferentiation)
Direct reprogramming describes the conversion of one cell type into another without
passing through the stem or progenitor state. The overexpression of tissue-specific mas-
ter or terminal regulator can be sufficient to induce cell fate conversion in a permissive
environment. In 1987 Davis and his colleagues could show that upon overexpression of
the muscle-specific master regulator MyoD fibroblasts could be transdifferentiated into
muscle cells (Davis et al., 1987). Later it was demonstrated that B cells can be converted
into macrophages by overexpressing C/EBPα or C/EBPβ (Xie et al., 2004) or cardiac
fibroblasts into beating cardiomyocytes by overexpressing three factors, Tbx5, Mef2c,
and Gata4 (Ieda et al., 2010).
Fig. 1.4 shows that direct reprogramming can be achieved even across different germ
layers as demonstrated when murine fibroblasts (mesoderm) were converted into func-
tional neurons (ectoderm)(Vierbuchen et al., 2010). It is important to note though that
direct reprogramming is restricted by context, that is, whether the overexpression of a
given transcription factor is sufficient to induce transdifferentiation is dependent on the
origin of the cell type and the cell plasticity. Fibroblasts are amenable to be repro-
grammed by overexpression of MyoD, whereas other cell types might either not respond
to ectopical expression of MyoD or with lower efficiency (Weintraub et al., 1989; Choi
et al., 1990).
The medical application of direct reprogramming avoids the main pitfall of iPSC gen-
erated tissue: the possible formation of teratomas. In vivo direct reprogramming was
demonstrated in mice, where upon expression of the required mix of transcription fac-
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Figure 1.4.: Examples of
direct reprogramming Di-
rect reprogramming of fibrob-
lasts into muscle cells (Davis
et al., 1987), neurons (Vier-
buchen et al., 2010), and car-
diomyocytes (Ieda et al., 2010)
in vitro. Zhou et al. (2008)
showed the transdifferentiation
of exocrine cells into insulin
producing β islet cells in vivo.
tors exocrine cells could be converted into insulin-producing β islet cells (Ieda et al.,
2010). However, our knowledge about the mechanisms that are responsible for cell fate
conversion and the ones that restrict it are poorly understood. C. elegans is an ideal
model organism to investigate direct reprogramming in vivo and help us to identify pre-
ventive mechanisms of cell fate conversion and thereby facilitate the application of direct
reprogramming as a treatment method.
1.1.2. The model system C. elegans
C. elegans is perfectly suited for large-scale high-throughput genetic screens based on its
size and the fact that it is self-maintaining. As adults worms reach about 1 millimeter
in length and are found in two sexes: self-fertilizing hermaphrodites (XX) and males
(X0). Hermaphrodites consist of exactly 959 cells, whereas males have 1,031 cells. Self-
fertilizing hermaphrodites produce about 300 - 500 eggs of which only 0.1 - 0.2 % are
males, arising from infrequent non-disjunction of the hermaphrodite’s germ line (Ward,
Carrel, 1979; Hodgkin, Doniach, 1997).
Sydney Brenner introduced C. elegans as a model organism for developmental biology
originally in 1963 (Ankeny, 2001). One advantage for C. elegans as a model system is its
short life span. Under optimal conditions the worm proceeds through all developmental
stages within 3 days, including four larval stages (see fig. 1.5). A single worm, provided
with sufficient amounts of food, lives two to three weeks. Under lab conditions, E. coli
bacteria are fed to the worms. During starvation worms can go into the dauer stage and
survive long periods of time. Additionally, worms can be frozen and stored for years.
Already in 1983 the complete cell lineage during embryogenesis and post-embryonic
development had been mapped (Sulston, Horvitz, 1977; Kimble, Hirsh, 1979; Sulston
et al., 1983), making C. elegans an excellent model organism to study cellular develop-
mental biology. By 1998 the entire genome of C. elegans had been sequenced as the first
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Figure 1.5.: Life cycle of
C. elegans at 22°C. C. el-
egans passes within 3 days
through four different larval
stages (L1 to L4) and reaches
adulthood. Under starvation
worms can arrest at L1 or
later become dauer larva at
the L1/L2 molt as an alter-
native to survive long term
stress conditions. Picture:
http://www.wormatlas.org.
multicellular organism (C. elegans Sequencing Consortium 1998). The genome consists
of five autosomal pairs of chromosomes and one pair of sex chromosomes (Hillier et al.,
2005). Out of a total of 19,735 genes 40% of protein coding genes (Rubin et al., 2000;
Hillier et al., 2005) and about 65% of disease associated genes have homologs within the
human genome (Sonnhammer, Durbin, 1997). Additionally, molecular pathways impli-
cated in human diseases such as Notch, Wnt, and insulin signaling are strongly conserved
(Baumeister, Ge, 2002). Therefore C. elegans is an excellent model organism to inves-
tigate the function of genes related to pathways involved in epigenetics, aging, diseases,
and cellular reprogramming.
1.1.2.1. Screens for cellular reprogramming in C. elegans
Despite its small size, C. elegans has several different types of tissues, such as epidermis,
intestine, muscle, pharynx, and a complex nervous system consisting of 302 neurons that
can be labeled with fluorescent proteins (see fig. 1.6). C. elegans has an invariant cell
lineage and numerous cell types. The body of C. elegans is translucent throughout all
its life stages, permitting to monitor morphological and molecular changes in vivo in the
living animal by using differential interference contrast (DIC) microscopy or fluorescent
microscopy to visualize proteins that were previously labeled with fluorescent reporter
proteins such as Green Fluorescent Protein (Brenner, 1974; Chalfie et al., 1994).
1.1.2.2. Natural direct reprogramming
To identify and understand the mechanism of how barrier factor act against cell fate
conversion it is crucial to increase efficiency and applicability of direct reprogramming.
One approach to investigate barriers to transdifferentiation is to study natural events of
cell fate conversion. The determined cell lineage (Sulston, Horvitz, 1977; Sulston et al.,
1983) suggests that natural direct reprogramming occurs in C. elegans when the rectal cell
’Y’ converts to a fully functioning motor neuron (’PDA’). Interestingly, no cell division is
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Figure 1.6.:
Different tissues
in C. elegans. C.
elegans contains dif-
ferent tissues such
as intestine, mus-
cle, germ line, or
GABAergic motor
neurons that are
labeled with fluo-
rescence markers
that allow to observe
events of direct re-
programming in vivo.
Picture: Tursun et al
required for the conversion of Y-to-PDA as it was shown by using live cell lineage tracing
as well as DNA staining and quantification (Jarriault et al., 2008; Richard et al., 2011).
Furthermore it could be demonstrated that the conversion of ’Y’ to ’PDA’ does not
involve cell fusion or cell engulfment, and natural direct reprogramming is unaffected in
mutant worms with defective engulfment or apoptosis machinery (Jarriault et al., 2008).
By performing an EMS mutant screen ’Y’ to ’PDA’ conversion, Richard et al. (2011)
identified a series of genetic mutations, which suggest that natural direct reprogramming
occurs in multiple steps with no overlap of the original and the final cell fate.
Furthermore, none of the intermediaries can be converted into another identity by
ectopic expression of cell fate inducing transcription factors that are able to induce
conversion in early C. elegans blastomeres (Richard et al., 2011), indicating that de-
differentiation does not necessarily coincide with a reversion into a pluripotent ground
state or an increase of cellular potential. This reminds of the limb regeneration in axolotl,
where regenerating cells that are produced from adult tissue do not de-differentiate into
a pluripotent state, but instead possess a restricted potential, that is, in accordance with
their tissue of origin (Kragl et al., 2009; T et al., 2014).
Thus, the natural direct reprogramming of Y into PDA has two distinct features: the
identity change occurs in a stepwise process, in which first the initial identity is erased
and only then the final identity is established without the reversion into a pluripotent
ground state. In induced reprogramming events in mammals both of these features have
been described and therefore appear to be conserved. For instance, no evidence for mixed
identity intermediates was found when the C/EBPα-induced pre-B to macrophage cell
conversion was analyzed using genome-wide transcriptomic data over a time course. In-
stead, first the transcriptomic program of the initial identity appears to be turned off
before the program for the second identity was being turned on (Di Tullio et al., 2011).
Additionally, no reversion to a pluripotent state was observed during transdifferentiation.
This was also true when amniotic cells were converted into endothelial cells (Ginsberg
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et al., 2015). Mutant studies further revealed that chromatin-modifying activities can
promote Y-to-PDA direct reprogramming. Mutations affecting the H3K27 demethylase
JMJD-3.1 and the SET1 complex with H3K4 methylase activity reduce the efficiency of
conversion (Zuryn et al., 2014). Thus, it appears that their activity is crucial to ensure
the deterministic Y-to-PDA conversion upon stress.
1.1.2.2.1. The role of transcription factors in direct reprogramming
A number of transcription factors are crucial to trigger direct cell fate conversion, either
for directing cells towards a specific lineage or fate (Moody, 1998; Sindhu et al., 2012),
or to maintain that fate over time (Holmberg, Perlmann, 2012; Deneris, Hobert, 2014).
Transcription factors have a key role in the determination and expression of a specific
cellular identity. Initially, studies in vitro demonstrated that the ectopic expression of
GATA-1 (Kulessa et al., 1995), MyoD (Tapscott et al., 1988) or PPARγ plus C/EBPα
(Hu et al., 1995) leads to cell type conversion. The Weintraub lab then showed that over-
expression of the worm homologue of MyoD (hlh-1 ) in C. elegans embryo is sufficient to
induce direct reprogramming of most cells in the embryo into muscle cells (Fukushige,
Krause, 2005). Other studies in C. elegans have showed that upon ectopic expression of
a single TF in blastomeres up unto the 8E stage is sufficient to convert the cell identity
and that cells can adapt all three germ layers: UNC-30 (GABAergic neurons) (Jin et al.,
1994), ELT-1 or ELT-3 (epidermis) (Gilleard, JD, 2001), END-1 (endoderm) (Zhu et al.,
1998), ELT-2 (intestine) (Fukushige, Krause, 2005), PHA-4 (pharyngeal) (Kiefer et al.,
2007; Horner et al., 1998) or LIN-26 (epithelial) (Quintin et al., 2001).
To initiate the conversion of Y cells C. elegans homologues of SOX2, OCT4 (CHE-6),
SALL4 (SEM-4), and MTA1 (EGL-27) are crucial as mutations in either of these tran-
scription factors repress the initiation of reprogramming. All these genes are expressed
in the same rectal-epithelial cells. Co-immunoprecipitation experiments showed an as-
sociation of SEM4/SALL4, OCT4/CEH-6, MTA1/EGL-27, and SOX2 (Kagias et al.,
2012), suggesting that all these factors act through a multiproteic complex in the worm.
These genes are not only conserved in mammals, but they also form the NODE complex
(Liang et al., 2008). Interestingly, SOX2 and OCT4 are required as part of a cocktail
of pluripotency inducing transcription factors to reprogram differentiated cells into iP-
SCs (Takahashi, Yamanaka, 2006) in mammals. In contrast to iPSC generation, Y cells
lose their identity and pass through a de-differentiated state, in which the cells are not
amenable to be reprogrammed into any other cell fate or gain pluripotency. Thus, the
initial identity can be erased without reverting back to a pluripotent state. The conver-
sion into a new cell type as well as the cellular potential are tightly regulated processes.
Hence, the Y-to-PDA conversion in C. elegans is reminiscent of the lens regeneration of
the newt. Cells from the pigmented iris that are de-differentiated express SOX2 early on,
but convert only into lens cells, even if transplanted into another physiological environ-
ment (Maki et al., 2009; Bhavsar, Tsonis, 2014), suggesting that factors such as SOX2
either act as transcriptional repressors of the initial identity program or as transcriptional
activators, inducing the expression of factors that in turn erase the initial (Y) identity
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and lead to cell conversion. Alternatively, and depending on the co-factor, their function
could be also both.
1.1.2.3. ELT-7-induced reprogramming of gonad and pharyngeal cells into
intestine-like cells
As mentioned before, transcription factors can transdifferentiate most cells in blastomeres
up to the 8E stage in C. elegans (Kiefer et al., 2007; Tocchini et al., 2014; Richard et al.,
2011). At larval and adult stage, cells become refractory to direct reprogramming upon
ectopic expression of a transcription factor with the exception of the GATA TF ELT-7.
Differentiated adult pharyngeal cells start to express elt-2 gene reporter in many cells
throughout the body. The expression gradually fades of the course of 48 h in most cells,
but persists in the proximal somatic gonad and the pharynx (muscular feeding organ).
Interestingly most cells that showed intestinal features lose these characteristics 72 h af-
ter the initial brief expression of ELT-7 (Riddle et al., 2013), suggesting that terminally
differentiated cells can be forced into adapting a new cell fate, but that it might depend
on the cellular context.
In the endoderm regulatory network ELT-7 functions as the terminal component (Som-
mermann et al., 2010; Evans et al., 1994), downstream of END-1 GATA TF and is
redundant with ELT-2 GATA TF. Both, ELT-7 and ELT-2, initiate gut differentiation
during embryogenesis and maintain transcription of intestinal genes. Interestingly, the
downstream END-1 cannot induce conversion. Other factors of the endoderm gene regu-
latory network, ELT-2 and END-3, which are also GATA type transcription factors, are
capable of inducing transdifferentiation, albeit less efficiently than ELT-7 (Riddle et al.,
2016). Perhaps the unusual small size of ELT-7 with only 198 amino acids or other struc-
tural characteristics permit it to access binding sites on promoters, which are otherwise
inaccessible due to packed chromatin structure and therefore induce transdifferentiation.
When ELT-7 is briefly expressed during mid-to-late larval development the somatic go-
nad converts into a well-formed intestine-like organ (Riddle et al., 2016). By activation
of an intestine-specific intermediate filament protein (Riddle et al., 2016) that is nor-
mally expressed during terminal differentiation of the embryonic gut (Bossinger et al.,
2004) an ectopic lumen-like structure is formed within the uterus. At the fine ultra-
structural level the reprogrammed uterus is indistinguishable from the normal intestine,
which includes intestine-like microvilli and terminal web, suggesting that the develop-
ing proximal gonad undergoes "transorganogenesis" into a morphological normal gut.
Since order and timing are similar to normal embryonic gut development, it appears that
the process of transorganogenesis redeploys the normal embryonic development program,
but instead of beginning from naive, undifferentiated blastomeres, a fully formed organ
is being reprogrammed. It remains to be seen whether a fully functioning intestine is
formed. Gut development can only be induced in the gonad at L3-L4 stages of larval
development. Prior to L3 the somatic primordium of the hermaphrodite is composed
of 12 cells that appear to be refractory to induced direct reprogramming. By the end
of L4 larval stage the window for gonad-to-intestine transorganogenesis closes. Hence,
the developing uterus might be analogous to the early blastomere before the transition
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to cell fate commitment. It is to note that neither expression of HLH-1 (muscle) or
ELT-1 (epidermis) are able to reprogram developing uterine cells (Cinar et al., 2003). In
addition, it could be shown that upon ectopically expressed ELT-7 fully differentiated
pharyngeal cells lose their pharynx specific reporter expression and gain expression of
intestine reporters. The ultrastructure also closely resembles that of the intestine indi-
cating a complete transorganogenesis. In contrast to the somatic gonad is the pharynx
amenable to be reprogrammed at any stage of development. This example shows that a
single transcription factor can be sufficient to induce direct reprogramming in fully differ-
entiated tissue without the removal of any other factor. A possible reason for the specific
gonad-to-intestine and pharynx-to-intestine cell fate switch might be the C. elegans FoxA
transcription factor homolog PHA-4, which is known to be expressed in pharynx, intes-
tine, and developing somatic gonad and has been studied in the context of its existential
role in pharynx organogenesis (Horner et al., 1998; Zhong et al., 2010; Chen, Riddle,
2008; Frederick et al., 2008; Mango et al., 1994). PHA-4 is required for the formation of
the differentiated pharynx. Removal of PHA-4 during embryonic development suppresses
the ability of ELT-7-induced transorganogenesis of pharynx-to-intestine, suggesting that
PHA-4-dependent pharynx differentiation is a necessary pre-condition. A knockdown of
PHA-4 at later stages that does prevent the formation of the pharynx does not inhibit
the ELT-7-induced reprogramming (Riddle et al., 2016), suggesting that PHA-4 is not
required during transorganogenesis of pharynx to gut, but to ensure pharynx differenti-
ation as a pre-condition.
As shown above, direct reprogramming based on overexpression of ELT-7 is limited to
certain tissues and time points. To overcome this limitation barrier factors to reprogram-
ming have to be identified and removed.
1.1.2.4. Barrier factors to cell fate conversion
It has been thought that so called pioneer transcription factors are capable of binding
their cognate DNA and thus initiating changes in chromatin structure even in chromatin
that is compacted by linker histones (Cirillo et al., 1998, 2002). However, most transcrip-
tion factors cannot induce direct reprogramming after the blastomere 8E stage indicating
that a loss of plasticity occurs (Kiefer et al., 2007; Tocchini et al., 2014; Richard et al.,
2011). When on the other hand the Polycomb repressor complex (PcG) or Notch sig-
nalling are eliminated, loss of plasticity can be postponed (Yuzyuk et al., 2009; Djabrayan
et al., 2012). As such germ line-specific genes are being de-repressed in larval somatic
cells, if Zn-finger protein MEP-1 and NurD complex subunit LET-418, that are both
found in a complex with HDAC-1, are depleted (Unhavaithaya et al., 2002). In mutants
of the retinoblastoma (Rb) pathway, that lead to a loss of chromatin remodeling, a so-
matic expression of germline specific P granules in the intestine was observed (Petrella
et al., 2011). In mammals murine embryonic β cells transdifferentiate into glucagon pro-
ducing α cells upon removal of DNA methyltransferase DNMT1 in (Dhawan et al., 2011).
In all these examples already the removal of a barrier factor led to direct reprogramming.
In other cases the depletion of a barrier factor has to be combined with the ectopic
9
expression of a cell-fate inducing transcription factor. RNAi against lin-53 (RBBP4 and
7 in humans) permits the transcription factors CHE-1 (ASE neurons), UNC-3 (choliner-
gic motor neurons), and UNC-30 (GABAergic motor neurons) to reprogram germ cells
that lost their initial identity and express neuron-type specific and pan-neuronal re-
porters (Tursun et al., 2011). In addition, reprogrammed cells started to change their
morphological shape and lose their characteristic fried egg-shaped nuclear and nucleo-
lar morphology and assume a speckled neuronal nuclear morphology. The depletion of
lin-53 did not cause the formation of teratomas either, since expression of CHE-1 in
lin-53 (RNAi) animals did not lead to expression of other neuronal reporters, such as for
GABA or cholinergic neurons, indicating that the reprogramming was specific to the ex-
pressed transcription factor. When CHE-1 is ectopically expressed in the larval stages or
adult worm very few head neurons start to express the ASE-specific reporter gcy-5::gfp
(Tursun et al., 2011), suggesting that the removal of LIN-53 is a necessary condition
since otherwise germ cells are refractory to direct reprogramming upon cell fate inducing
transcription factor expression.
1.2. Identifying Barrier Factors
1.2.1. Identification of cell fate barriers in vitro
Direct reprogramming in cell culture was initially described when it was shown that
overexpression of the muscle-specifying transcription MyoD in fibroblasts is sufficient to
reprogram them into muscle cells (Davis et al., 1987). Later it was demonstrated that
fibroblasts can also be converted into cardiomyocytes (Ieda et al., 2010) and neurons
(Vierbuchen et al., 2010) by expressing a single or mixture of different transcription fac-
tors. However, it turned out that the cell type mattered and that MyoD, for instance, is
not sufficient to reprogram any cell into muscle cells (Weintraub et al., 1989), showing
that reprogramming is restricted by cell context. Another issue of reprogramming is the
low efficiency, in which a new cell fate is being induced. Recently it was demonstrated
that a combination of transcription factors can reprogram somatic cells into induced
pluripotent stem cells (iPSCs) (Takahashi, Yamanaka, 2006). However, only 1% of cells
would be converted. Genes can be depleted by RNAi in vitro, which allowed to iden-
tify genes that antagonize reprogramming such as tumor suppressors (p53, INK4a/ARF,
LATS2) (Kawamura et al., 2009; Qin et al., 2012; Zhao et al., 2008) and H3K9 methyl-
transferases (SETDB1, SUV39H, EHMT2) (Chen et al., 2013). In addition, focused
RNAi screens identified the TGF-β signaling (Payman et al., 2010), H3K79 methylation
by DOT1L (Onder et al., 2012), or protein ubiquitination (Buckley et al., 2012) act as a
reprogramming barriers.
Genes can be selective depleted using either a pooled or an arrayed format. In the
pooled format the RNAi reagent library in form of viral-encoded short hairpin RNA
(shRNA) is introduced into cells en masse and at random. After transcription the RNA
folds back on itself, forms small 4- to 8-nt loops. The resulting shRNA is recognized and
cleaved by the Dicer complex to generate small interfering RNA (Brummelkamp et al.,
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2002; T et al., 2002; Paddison et al., 2002). Each cell will on average receive one gene-
specific shRNA. Afterwards, a specific selection might be applied followed by sequencing
to identify the shRNA incorporated into the genome of the cell. There is some risk that
the library might not be uniformly represented. More importantly, especially for time-
sensitive assays, is the fact that the time in cell culture after introduction of the RNAi
library may be in order of several days or weeks.
If shorter incubation times are required, such as when studying direct reprogramming
induced in cells at a specific stage, an arrayed format is more practical, in which cells are
being transfected with small interfering RNAs (siRNAs). Each well in a microtiter plate,
such as a 96- or 384-well plate, contains a single or a mix of siRNA reagents. Typically,
detection of the assay is done via measuring fluorescence, colorimetric, or luminescent
response.
1.2.2. RNAi-based genetic screens in vivo
In vivo RNAi screens are mainly carried out in Drosophila, mice, and C. elegans. In
Drosophila RNAi knockdown can be induced via injection or expression of dsRNAs and
acts cell-autonomously, thereby facilitating tissue- and stage-specific studies (Roignant
et al., 2003; Perrimon et al., 2010), which also allows to screen at adult stage, even
when knockdowns in early stages are associated with lethality. In vivo RNAi in mice is
performed by introducing pools of shRNA-transfected cells into mice, a process termed
as ex vivo screening. This approach allows to combine the relative ease of introducing
large pools of shRNA in cell culture with the advantages of placing the cells in an in
vivo context. The ex vivo screening process has been proven to be particularly useful
for cancer research, as it allows to study transduced cells for their ability to contribute
to cancer formation (Meacham et al., 2009; Bric et al., 2009). Inducible constructs that
are introduced into mice embryonic stem cells facilitating RNAi in ES cells or producing
transgenic mice for in vivo RNAi are also available (Premsrirut et al., 2011; Katherine
et al., 2011).
RNAi was originally identified in C. elegans when dsRNA was injected into worms,
which led to the depletion of mRNA and started the revolution of in vivo RNAi (Fire
et al., 1998). RNAi in C. elegans is both transitive and systemic, that is, injection or
expression of dsRNA in one tissue can lead to gene knock down in other tissues (Fire
et al., 1998; Winston et al., 2002). RNAi can be applied in worms simply by feeding (see
fig. 1.7). The bacteria are digested in the gut and dsRNA is transported through specific
transmembrane protein SID-1 into all cells with the exception of neurons (Feinberg,
Hunter, 2003). RNAi in C. elegans is also transitive, whereby RNA-dependent RNA
polymerase (RdRP) is involved in the amplification of RNAi. As a result, mRNA, which
is targeted by siRNA, functions as a template for 5’ to 3’ synthesis of new dsRNAs (Alder
et al., 2003).
dsRNA is spliced by Dicer into siRNAs and used as part of the RISC complex to identify
concomitant mRNA sequences that are subsequently degraded. Due to its short life
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Figure 1.7.: RNAi by feeding in C.
elegans. RNAi is being applied in C. el-
egans by feeding dsRNA expressing bac-
teria to the worm. The bacteria are di-
gested in the gut and by the transmem-
brane protein SID-1 cellular uptake of
dsRNA is conferred to cells (Feinberg,
Hunter, 2003).
cycle, self-fertilization, invariable cell lineage, translucent body and the resulting ability
to track the cell fate in the living organism, C. elegans is perfectly suited to conduct
genetic screens. LIN-53 had been identified as a barrier to reprogramming of germ cells
into ASE-neuron-like cells upon overexpression of che-1 in a screen of chromatin related
genes (Tursun et al., 2011). Later our lab performed a whole-genome RNAi screen
to identify further barrier factors to reprogramming upon CHE-1 overexpression and
identified the FACT complex (Ena Kolundzic et al., in revision). Since LIN-53 is part of
the PRC2 complex and involved in chromatin regulation, a RNAi sublibrary, containing
chromatin-related genes, was generated in our lab, and the following screen revealed that
MRG-1 and HSP-1 are barrier factors to the induction of ASE neuron specific reporters
upon che-1 overexpression (Hajduskova et al., submitted for publication).
1.2.3. Multiple components required for Reprogramming
Less than 50 % of lin-53 RNAi animals show germ line conversion upon CHE-1 overex-
pression (Tursun et al., 2011), indicating that other factors protect the germ cell fate.
When investing barrier genes to direct reprogramming it is important to study genetic
interactions since neither a single process or a single gene prevent induced transdifferen-
tiation. Combinatorial RNAi screens allow to identify redundancy in genetic networks
(Boone et al., 2007). Large-scale pairwise RNAi screens in Drosophila cells have yielded
insight into connectivity of conserved signal transduction pathways, demonstrating that
combinatorial RNAi can reveal results that could not have been predicted based on single
gene analyses (Horn et al., 2011). In vitro studies have already demonstrated the need for
combinatorial RNAi screens in order to increase reprogramming efficiency and gain a bet-
ter understanding of how reprogramming barriers function, as the following examples will
show. The first protocol to re-differentiate mouse embryonic and adult fibroblast with a
defined set of transcription factors had a very low efficiency (Takahashi, Yamanaka, 2006).
Toh et al. (2016) performed a systemic genome-wide siRNA-mediated gene knockdown
to identify reprogramming suppressors. The strongest identified reprogramming barriers
were ZMYM2 (epigenetic modifier), SFRS11 (putative splicing factor), SAE1 (SUMO-
activating enzyme), ESET(H3K9 methyltransferase), and SMAD3 (transforming growth
factor β signal transducer), which all function in distinct pathways, suggesting that each
factor is an independent reprogramming barrier. When depleting the five barrier genes
simultaneously, the efficiency of iPSC generation was increased by several fold (Toh et al.,
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2016).
In an earlier study Qin et al. (2014) had systematically analyzed reprogramming barriers
to human iPSC generation and identified genes involved in chromatin-regulation, tran-
scription, dephosphorylation, ubiquination, cell adhesion, and cellular transport. They
found that RNAi against RNF40 affects other identified barrier genes by upregulating
the expression of ADAM29, PTPN11, TTF2, TMF1, and MED19 and downregulating
SLC174A5, PTPRJ, and CENPB. The transcriptional effects of RNF40 probably result
from its role of regulating the levels of transcription factors, such as OCT4. Since the
inhibition of one barrier factor could alter the expression of other barrier factors, RNF40
was simultaneously depleted with PTPN11, MED19, SLC174A5, and PTPRJ, leading
to enhanced reprogramming efficiency, indicating that distinct barrier factors interact
in dynamic feed forward loops (FFLs) that possibly stabilize cell types by providing re-
sponse delay capabilities and noise filtering. FFLs can either be classified as coherent
or incoherent. A coherent FFL stabilizes the cell against short-term or brief signals and
can delay the response to genetic suppression. RNF40 positively regulates other barrier
genes, namely SLC174A5 and PTPRJ. By depleting RNF40, the second barrier genes are
depleted as well, but can still partially suppress reprogramming. Therefore, the combina-
torial knock down of RNF40 as well as SLC174A5 and PTPRJ increases reprogramming
efficiency. In an example of an incoherent feedback loops RNF40 represses the other bar-
rier genes PTPN11 and MED19 so that RNAi against RNF40 leads to an upregulation of
PTPN11 and MED19, which therefore functions as an additional line of defense against
induced cell fate conversion. Depletion of RNF40 alone lowers only briefly the barrier for
reprogramming as the secondary barrier genes PTPN11 and MED19 are subsequently
upregulated. This effect can only be dampened by also depleting the secondary barrier
factors. In addition to these feed forward loops, genes acting as barrier factors to cell
conversion can interact in many more ways.
Barriers to reprogramming are found in many very distinct pathways, and it is imperative
to study how they interact in order to understand underlying mechanisms and increase
the efficiency of induced direct reprogramming.
1.2.3.1. Current methods for combinatorial RNAi screens in vitro and in vivo
In cell culture, combinatorial RNAi screens can be performed either in a pooled or arrayed
format. The arrayed format permits to control beforehand which genes are depleted si-
multaneously and thereby testing for specific genetic interactions. Pooled shRNA screens,
on the other hand, depend on a specific readout and/or selection with subsequent high-
throughput screening to identify the incorporated shRNA sequences to identify the de-
pleted gene afterwards.
Similarly to the arrayed format in cell culture, combinatorial RNAi in C. elegans can be
performed by combining two bacteria strains expressing two different RNAi plasmids in
one well (see fig. 1.8A). The ratio of delivered RNAi plasmids for each combination will
vary substantially as bacteria strains containing different RNAi plasmids tend to grow
at diverse rates, leading to highly varying amounts of each RNAi plasmids taken up by
the animal and, as a consequence, a high rate of false-positive and false-negative results.
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The reproducibility of mixed double RNAi experiments can be increased by adjusting
the bacterial concentration before mixing the two strains. This step, however, is time-
consuming and renders a large-scale high-throughput screen unfeasible.
Alternatively, two genes can be targeted by generating a single RNAi plasmid, contain-
ing sequences targeting both genes of interest (Min et al., 2010). Combinatorial RNAi
experiments using so called ’stitched’ double RNAi plasmids (see fig. 1.8B) are highly
reliable, but to generate the double RNAi plasmids is very time consuming and as such
also not suitable for large-scale high-throughput RNAi screens.
Figure 1.8.: Two currently available approaches to perform double RNAi in C.
elegans (A) Double RNAi by mixing. Two bacteria strains expressing different dsRNAs
are mixed in equal amounts to be then fed to worms. (B) Double RNAi by ’stitching’
requires the generation of RNAi plasmids containing sequences targeting two different
genes.
1.2.4. Other depletion methods
1.2.4.1. Classical genetic screens
In classical or forward genetic screens random mutations are induced by chemical treat-
ment or radiation, and the cells or animals are then screened for the induction of a
predefined phenotype. In contrast to RNAi screens, the locus of the mutation has to be
determined afterwards, which is still a laborious process. Mutations usually affect a sin-
gle gene and the mutation is heritable. They can lead to loss- or gain-of-function, which
allows to study the regulatory mechanism. Mutations can be tissue-specific and point
mutations allow to gain insights into the structure-function relationship. Theoretically
every gene should be suitable for mutation, but mutations in essential genes and thus
cannot be assayed for reprogramming. It also does not permit to knock out a given gene
at a specific time point, instead it is permanently removed. In order to study genetic
interactions a mutant strain with a specific phenotype can be screened to identify either
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enhancing or suppressing mutations
1.2.4.2. CRISPR/Cas
Originally identified as the functional equivalent to an adaptive immune system in bacte-
ria (Barrangou et al., 2007), the clustered regularly interspaced short palindromic repeats
(CRISPR) pathway has been altered in order to engineer genomes highly efficiently (Cong
et al., 2013; Mali et al., 2013; Hwang et al., 2013). The Cas9 nuclease, guided by a single-
guide RNA (sgRNA), causes double strand breaks of matching target DNA sequences
(Jinek et al., 2012). The target specificity is only dependent on the 20-base-pair sequence
at the 5’-end of the sgRNA. Thus, knockout reagents are much easier to produce than
it was possible with zinc-finger nucleases or transcription activator-like effector nucleases
(TALENs). In contrast to RNAi, gene expression is not reduced but completely depleted.
In cell culture large libraries of sgRNA can be screened using lentiviral delivery and sub-
sequently analysed using high-throughput sequencing (Wang et al., 2014).
In C. elegans Norris et al. (2017) showed that by replacing the target gene with a heterol-
ogous GFP transgene through homology-directed repair double mutants are generated
more easily. Independent mutants can be identified post-injection in F1 by following
the introduced fluorescent reporter and mutants of two different genes can be crossed to
generate double mutants, which are isolated by microscopy. While this makes it easier
to identify mutants and has all advantages of a regular mutant, it is not suitable to per-
form large-scale high-throughput screens and does not allow to investigate the function
of essential genes as reprogramming barriers.
1.3. Aim of the study
Direct reprogramming is a very promising approach to generate patient-specific disease
models or to replace tissues, such as neurons, that do not regenerate (Ladewig et al.,
2013). Studies in vitro and in vivo have shown that differentiated cells, such as fibroblasts,
can be converted into muscle cells, cardiomyocytes or neurons (Davis et al., 1987; Ieda
et al., 2010; Vierbuchen et al., 2010) by overexpressing cell-fate inducing transcription
factors. However, they also revealed that there are protective mechanisms that prevent
transdifferentiation, called barrier factors. Targeted genetic depletion by RNAi permits to
identify barrier genes in large-scale high-throughput screens. Qin et al. (2014) have shown
in vitro that barrier genes interact with each other, thereby increasing the robustness
of the cell against external perturbations. In order to identify and investigate genetic
interactions of barrier genes it is required to deplete two or more genes simultaneously.
With its invariant cell lineage, translucent body, and the fact that RNAi is applied by
feeding, C. elegans is perfectly suited as an in vivo model organism to study barrier
genes to direct reprogramming by RNAi in large-scale high-throughput screens. In order
to deplete two or more genes simultaneously, dsRNA expressing bacteria strains can
either be mixed, resulting in a large number of false-positive and false-negative results,
or knocked down by double RNAi plasmids (’stitching’), which have to be generated
in a time-consuming process and which is therefore no appropriate for screening large
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numbers of candidate genes. The aim of the study was to develop a method that allows to
perform large-scale combinatorial RNAi screens in vivo in C. elegans, which is less time-
consuming than double RNAi by stitching, but yielding much more reliable results than
double RNAi by mixing. Our new method bases on bacterial conjugation (Lederberg,
Tatum, 1946), in which a plasmid is transferred from a donor to a recipient cell.
Figure 1.9.: Generation of bacterial carrying two different RNAi plasmids by
bacterial conjugation. (A) During bacterial conjugation the donor cell transfers a
conjugative plasmid to the recipient cell. (B) Double RNAi by conjugation uses bacterial
conjugation to transfer in addition to the conjugative plasmid a RNAi plasmid modi-
fied with an oriT site to generate a single bacterial cell containing two different RNAi
plasmids.
The donor cell carries a conjugative plasmid (F+ plasmid) that contains all genes
required for the conjugation to occur, including a pilin gene to form a mechanical con-
nection between the two cells, an origin of replication (oriV) as well as an origin of
transfer (oriT) at which site the double stranded plasmid DNA is nicked. A single strand
is then transfered from the donor to the recipient cell and complemented by DNA poly-
merase. The aim of the study was to develop a method in which a donor RNAi plasmids
is modified by inserting an oriT site and to use the process of bacterial conjugation to
combine two different RNAi plasmids in a single bacterial cell. Double RNAi by conju-
gation would allow to reliably deplete two genes simultaneously and perform large-scale
high-throughput combinatorial RNAi screens to investigate interactions of barrier genes
in C. elegans in vivo.
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2. Results
2.1. Part 1: MRG-1 and HSP-1 are reprogramming barriers
2.1.1. MRG-1 is a safeguarding barrier protecting the germ line cell fate
To identify barrier genes that protect the cell fate from perturbation by cell fate induc-
ing transcription factors (TF), genes were selectively knocked down by feeding the worm
with dsRNA expressing bacteria.
MRG-1 was originally identified as a cell fate safeguarding barrier in a P0 RNAi screen
done in our lab. Worms were transferred to RNAi plates after hatching (L1). At L4 the
worms were subjected to a heat shock in order to induce the ectopic overexpression
of ASE neuron transcription factor (TF) che-1. When subjected to ctrl RNAi, worms
showed no ectopic expression of the ASE neuron fate reporter gcy-5 in the germ line
(GeCo), whereas knockdown of mrg-1 permitted the induction gcy-5::gfp, resembling the
phenotype observed in lin-53 (RNAi) animals after overexpression of che-1 (Hajduskova
et al, submitted for publication).
MRG-1 is an orthologue of the mammalian chromodomain-containing MRG15 − a
component of the NuA4 histone acetyltransferase (HAT) complex (Chen et al., 2009).
Recently it had been shown that MRG-1 regulates the differentiation of germ cells in C.
elegans (Gupta et al., 2015). Upon overexpression of che-1 in mrg-1 (RNAi) animals
germ cells start to form neurite-like projections and rab-3, pan-neuronal reporter, is
expressed (Hajduskova et al, submitted for publication).
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Figure 2.1.: RNAi against mrg-1 permits ectopic expression of gcy-5::gfp in
the germ line. (A) Control animals show gcy-5::gfp expression only in head neurons.
RNAi mediated knock down of lin-53 allows overexpressed che-1 to induce gcy-5::gfp in
the germ line. Modified after Tursun et al. (2011). (B) Overexpression of che-1 in wild
type adult worms ineffective in inducing gcy-5::gfp ectopically due to reprogramming. By
RNAi barrier factors can be knocked down, thus allowing CHE-1 to induce direct repro-
gramming. (C) che-1 overexpression in worms subjected to ctrl RNAi show no ectopical
expression of ASE neuron fate reporter. (D) Depletion of mrg-1 permits overexpressed
che-1 the induction of gcy-5::gfp expression in the germ line. Figures A to D modified
after Hajduskova et. al (submitted for publication)
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2.1.1.1. MRG-1 also barrier factor to GABAergic terminal transcription factor
UNC-30
To address the question whether a safeguarding barrier factor is universal or specific
to a certain cell type, they are assessed by overexpression of different cell-fate inducing
transcription factors such as elt-7 (gut) or che-1 (ASE neurons).
To identify and test barrier genes that prevent somatic and germ cells from being
converted into GABAergic neurons, new constructs containing the genomic DNA of the
terminal transcription factor unc-30 were generated. The transcription factor UNC-30
that is orthologous to the Pitx family of homeodomain transcription factors controls the
terminal differentiation of all 19 type D GABA-ergic motor neurons. UNC-30 directly
regulates the expression of UNC-25/GAD and UNC-47/VGAT, which regulate GABA
formation and secretion (see fig. 2.2A on page 20). Regulatory sequences of transcription
factors are often contained in the sequence of introns that cause the continuous expression
of the transcription after initial induction, thereby allowing for a more stable expression
of unc-30. The initial and time controlled induction was enabled by the usage of two
different heat shock promoters (see fig. 2.2B. on page 20). hsp-16.2 and hsp-16.41 are
both broadly expressed. However, hsp-16.2 is predominantly expressed in neurons and
hypodermal cells while hsp-16.41 is stronger expressed in the intestine and pharyngeal
tissue. Thus, by expressing unc-30 under two separate heat shock promoters, unc-30 is
more broadly expressed upon heat shock driven induction.
The two constructs were injected into N2 wild type worms, and the expression of unc-
30 upon heat shock in generated transgenic worm lines was confirmed by Western blot.
The specific GABAergic neuron fate reporter unc-25p::gfp and the pan-neuronal fate re-
porter rab-3::tRFP were crossed in to visualize induced direct reprogramming in vivo.
To test whether MRG-1 is a che-1 -specific barrier, P0 RNAi and F1 RNAi was per-
formed, using the newly generated transgenic strains carrying hsp::unc-30. When per-
forming P0 RNAi against mrg-1, the increase of unc-25::gfp when compared to control,
was not significant (P ≥ 0.5, Student′s t-test ; see fig. 2.2D on page 20), potentially
due to the high background levels of unc-25::gfp in ctrl RNAi. When the mothers (F1
RNAi) were already subjected to mrg-1 RNAi a significantly increased percentage of their
progeny showed expression of unc-25::gfp in the germ line (P ≤ 0.01, Student′s t-test),
but without the induction of morphological changes, resembling neurite-like structures
or the expression of the pan-neuronal reporter rab-3 (see fig. 2.2E on page 20). This
indicates that MRG-1 is a common barrier factor to che-1 and unc-30 mediated cell fate
conversion, but knockdown of additional factors would be required to permit UNC-30
the induction of morphological changes from germ line to neuron-like cell.
2.1.1.2. MRG-1 co-localizes only partly with LIN-53
To assess the localization of MRG-1, immunohistostaining was performed using a com-
mercial anti-MRG-1 antibody. MRG-1 could be mainly detected in the germ line, but
also in neurons in the head region, as well as in the gut (see fig. 2.2A on page 20 )
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Figure 2.2.: Ectopic expresson in mrg-1 (RNAi) animals overexpressing unc-
30. (A) Control animals show expression of unc-25::gfp only in GABAergic neurons
on the ventral side of the worm. F1 RNAi against mrg-1 allows overexpressed unc-30
to induce unc-25::gfp in the germ line. Magnification (white box) indicates that GFP-
positive cells do not adapt neuronal morphology by showing axo-dendritic outgrowths
of protrusions. Scale bar = 20 µm. (B) Quantification of animals that show unc-25::gfp
in germ line when treated with mrg-1 RNAi and unc-30 overexpression. P-values were
calculated using Student′s t-test (ns = ≥ 0.5). Error bars represent SEM from three
independent RNAi experiments, n = 300 to 500 for each RNAi. (C) as in B, but as F1
RNAi. P-values were calculated using Student′s t-test (ns = P ≥ 0.5, ** = P ≤ 0.01 ).
Error bars represent SEM from three independent RNAi experiments, n = 150 to 300
for each RNAi. (D) The C. elegans ortholog of mammalian Pitx-Homeo TF specifies
the GABAergic motor neuron cell fate. (E) Newly generated constructs containing the
genomic sequence of unc-30 driven by hsp-16.2 or hsp-16.4 promoter.
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Figure 2.3.: Immunostaining of wild-type young adult hermaphrodite with
anti-MRG-1 and anti-LIN-53 antibody. (A) MRG-1 proteins are detectable pre-
dominantly in the germ line and in neurons and the intestine. Co-staining for LIN-53.
Scale bars = 20 µm. (B) Antibody staining of MRG-1 and LIN-53 proteins in the distal
wild-type germ line of a young adult hermaphrodite. The magnified germ cell nucleus in
the zoom is indicated with a white stipple-line box. Asterisk indicates distal tip of the
gonad. Scale bar = 5 µm. Figures A and B modified after Hajduskova et al. (submitted
for publication)
Interestingly, LIN-53 co-localizes only partially (see fig. 2.2B on page 21) in the germ
line. Co-knockdown of mrg-1 with members of the PRC2-complex mes-3, lin-53, or mes-
4, while broadly overexpressing che-1, increases the germ cell reprogramming efficiency
slightly but significantly when compared to RNAi against mrg-1 alone (Hajduskova et
al, submitted for publication). This non-synergistic increase of GeCo induction together
with the observation that LIN-53 and MRG-1 proteins only partially co-localize might
indicate that mrg-1 has a PRC2 independent role in protecting germ cell fate.
2.1.1.3. Global histone modifications affected by knockdown of mrg-1
To investigate how mrg-1 knockdown affects the chromatin structure, whole worm lysates
of control and mrg-1 RNAi animals were prepared and stained in Western blot with com-
mercial antibodies against histone 3 modifications (see fig. 2.4A on page 22). When lin-53
or other PRC2 complex units are knocked down, the heterochromatin mark H3K27me3
is globally lost in the germ line (Patel et al., 2012), whereas levels in mrg-1 (RNAi)
animals are unaffected. The histone modification H3K14ac is increased in mrg-1 (RNAi)
animals, whereas other euchromatin marks H3K9ac and H3K4me3 are not affected. In
yeast, an increase of H3K14ac level has been associated with DNA damage (Wang et al.,
2012).
Immunohistostainings were performed to assess the histone modification marks in germ
line (see fig. 2.4B on page 22) and co-stained for LIN-53 to ensure consistent anti-
body penetration. In mrg-1 (RNAi) animals neither levels of H3K27me3, nor those
of H3K9me2 were decreased. Likewise, marks of open chromatin H3K9ac, H3K36me3,
and H3K4me3 were unchanged. Confirming the results from whole worm western blot,
H3K14ac levels are increased in germ line upon RNAi against mrg-1, suggesting that the
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global histone modifications are distinctively affected by the knockdown of mrg-1.
Figure 2.4.: mrg-1 RNAi-mediated changes of histone H3 modifications. (A)
Western Blot analysis of whole worm lysates, comparing control and mrg-1 RNAi treated
worms, using the indicated antibodies against specific histone modifications. Histone
H3 detection serves as loading control. (B) Immunostaining of gonads from control
and mrg-1 RNAi treated worms, using the indicated antibodies against specific histone
modifications. Staining for LIN-53 (shown as overlay with DAPI) serves as control for
staining efficiency. Scale bar = 5 µm.
2.1.2. HSP-1 is a barrier factor to the induction ASE neuron reporter
gcy-5 in epidermis
During the same automated RNAi screen that identified MRG-1 another factor, HSP-1,
was found. Depletion of hsp-1 permits the induction of gcy-5::gfp upon misexpression of
che-1 in the epidermis (EpCo) (M. Hajduskova et al. unpublished). Using smFISH, it
was also demonstrated that hsp-1 knockdown permits the induction of other endogenous
neuronal genes, such as unc-10 (M. Hajduskova et al. unpublished). Hypodermal cells
mis-expressing gcy-5::gfp do not show the formation of neuron-like structures, such as
neurites. Therefore, it was tested, whether hypodermal cells lose their identity by knock-
ing down hsp-1 in animals expressing the hypodermal marker dpy-7::mCherry, which is
lost when simultaneously che-1 is overexpressed (M. Hajduskova et al. unpublished).
However, at careful inspection, it was also noted that che-1 overexpression alone inde-
pendently suppresses the expression of dpy-7::mCherry, but it is further repressed when
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hsp-1 is knocked down by RNAi (M. Hajduskova et al. unpublished).
2.1.2.1. Knockdown of hsp-1 permits induction of intestine reporter elt-2 but not
GABA reporter unc-25
To test whether HSP-1 is a che-1 -specific cell-fate barrier, the GATA transcription factor
elt-7 was overexpressed in animals on hsp-1 RNAi, observing that the gut reporter elt-
2::gfp is expressed in the epidermis, while the hypodermal marker dpy-7::mCherry is lost
(M. Hajduskova et al. submitted to publication).
Interestingly, hsp-1 RNAi did not permit the induction ofunc-25::gfp in the epidermis
upon overexpression of the terminal transcription factor unc-30 (M. Hajduskova et al.
submitted to publication).
2.1.2.2. hsp-1 genetically interacts with ogt-1
Figure 2.5.: hsp-1 RNAi-mediated
ectopic induction of elt-2::gfp en-
hanced in ogt-1 (ok430) mutant
background. Quantification of hsp-
1 RNAi-mediated induction of elt-2::gfp
upon overexpression of elt-7 in wild type
and ogt-1 (ok430) mutant background.
P-values were calculated using Student′s
t-test (ns = P ≥ 0.5; *** = P ≤ 0.001).
Error bars represent SEM from three in-
dependent RNAi experiments, n = 300
to 700 for each RNAi.
hsp-1 is a member of the hsp70 family that plays a role in proteostasis, raising the
question, whether overexpressed CHE-1 might accumulate in hsp-1 (RNAi) animals.
Worm lysates were tested by Western Blot at 4h and 24h after heat shock induction
and did not show an increase of HA-tagged CHE-1 in hsp-1 RNAi lysates when com-
pared to control, indicating that hsp-1 RNAi increases the permissiveness for gcy-5::gfp
expression by other means than increased protein level of CHE-1 (M. Hajduskova et al.
unpublished). To test whether the inhibition of members of the protein degeneration
pathway would allow the ectopic induction of gcy-5::gfp in epidermis, subunits of the
proteasome were knocked down by RNAi, but without being able to phenocopy hsp-1
RNAi (M. Hajduskova et al. unpublished).
To further decipher the mechanism of how hsp-1 safeguards epidermal cells, while assum-
ing that the chaperone function of HSP-1 is relevant, other known chaperone genes were
knocked down with hsp-1 using a double RNAi screen, to test for the enhancement of
gcy-5::gfp induction efficiency in the epidermis. Moreover, of the two top candidate genes
from the screen, ogt-1 and cdc-48.2, mutants were tested to phenocopy the enhancement
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observed in the double RNAi screen. Only in the ogt-1 (ok430) mutant background had
the permissiveness of epidermis cells significantly increased (M. Hajduskova et al. un-
published). Interestingly, neither in the ogt-1 (ok430) mutant background, nor in ogt-1
RNAi could the ectopic induction of gcy-5::gfp in the epidermis be observed in absence
of hsp-1 RNAi. The ogt-1 (ok430) mutant, on the other hand, showed no obvious defect
(Hanover et al., 2005).
As mentioned above, hsp-1 is also a cell-fate safeguarding barrier for the induction of gut
specific reporter elt-2::gfp. In ogt-1 (ok430) mutants the elt-2::gfp induction efficiency
is significantly increased when compared to WT on hsp-1 RNAi ( P ≤ 0.001, Student′s
t-test; see fig. 2.5 on page 23).
OGT-1 contains chaperone-characteristic tetratricopeptide repeat (TPR) domains. As
a chaperon-function of OGT-1 itself could not be demonstrated, OGT-1 was therefore
considered as a putative co-factor of chaperon-like proteins (Haslbeck et al., 2013). The
human ortholog of OGT-1, the O-linked N-linked N-acetylglucosamine (O-GlcNAc) trans-
ferase OGT, has been suggested to be involved in insulin-signaling and aging, as well as
nutrient signaling in C. elegans (Hanover et al., 2005; Mondoux et al., 2011; Love et al.,
2010; Radermacher et al., 2014; Li et al., 2017). OGT-1 has also been implicated to be
part of the MOF histone acetyltransferase-containing protein complex termed NSL (Hoe,
Nicholas, 2014) (reviewed by Gambetta, Müller (2015), which suggests that removal of
ogt-1 could affect chromatin-regulation by NSL.
2.1.2.3. HSP-1 interacts with histone acetyltransferase complex NSL
The question arose whether impairment of the histone acetyltransferase (HAT) complex
NSL could explain the enhancement of hsp-1 RNAi-mediated induction of gcy-5::gfp
expression in the epidermis upon removal of ogt-1. To investigate possible genetic inter-
actions of hsp-1 and members of the NSL HAT complex in C. elegans (Hoe, Nicholas,
2014)) (see fig. 2.6A on page 25) two knock down genes simultaneously double RNAi
plasmids were generated, containing target sequences of hsp-1, as well as an NSL com-
plex member (double RNAi by ’stitching’; see fig. 2.6B on page 25). When compared to
hsp-1 stitched with the control genes luciferase (rluc) or unc-22, an increased induction
efficiency for gcy-5::gfp, as well as elt-2::gfp was observed upon simultaneous knockdown
of hsp-1 and the NSL genes wdr-5.1, hcf-1, mys-2, smuv-1, and smuv-2 in transgenic
lines carrying either hsp::che-1 or hsp::elt-7. (see fig. 2.5C and D on page 23).
To assess the specificity of enhancement effects by ’stitched’ double RNAi with NSL
subunits HSP-1 was also co-depleted with additional chromatin regulators such as LIN-
53 and HAT-1. Co-knockdown did not enhance the induction efficiency in gcy-5::gfp or
elt-2::gfp. In hsp-1 hat-1 (RNAi) animals the permissiveness of epidermis cells appears to
be suppressed, implicating that hat-1 might be required for the ectopic gene expression
mediated by hsp-1 knockdown (see fig. 2.6C and D on page 25).
The NSL HAT complex has been described to acetylate histone 4 lysine 5, 8, 16 (H4K5,8,16ac
(Hoe, Nicholas, 2014). Therefore an immunohistostaining was performed using a com-
mercial anti HAK5,8, 16ac antibody to test H4Kac levels upon RNAi against hsp-1 and
NSL subunits smuv-1, mys-2 using WT and in ogt-1 mutant animals. To ensure consis-
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Figure 2.6.: hsp-1 genetically interacts with the histone actetyltransferase
complex NSL. (A) Overview of the NSL Histone 4 (H4) acetyltransferase complex
NSL in humans and C. elegans modified after Hoe, Nicholas (2014). (B) Double RNAi
by cloning (stitching) two RNAi clones together in the L4440 RNAi plasmid. In this
experiment Target 1 is hsp-1 and Target 2 are individual members of the NSL complex
or as controls sequences of unc-22 and Renilla Luciferase (Rluc). (C) Double RNAi
using stitched RNAi clones in the hsp::che-1, gcy-5p::gfp transgenic background in order
to test genetic interaction between hsp-1 and the NSL complex. Stitched RNAi of hsp-
1 with lin-53 or hat-1 serve as additional controls for specificity of synergistic effects.
P-values were calculated using one way ANOVA and Dunnett’s multiple comparisons
test comparing to hsp-1/Rluc. ns = P ≥ 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** =
P ≤ 0.001, and **** = P ≤ 0.0001. Error bars represent SEM from three independent
RNAi experiments, n = 300 to 650 for each RNAi. (D) As in (C) but using the hsp::elt-7,
elt-2p::NLS::gfp transgenic background. P-values were calculated using one way ANOVA
and Dunnett’s multiple comparisons test comparing to hsp-1/Rluc. ns = P ≥ 0.05, * =
P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, and **** = P ≤ 0.0001. Error bars represent
SEM from three independent RNAi experiments, n = 350 to 700 for each RNAi. Figure
A to D modified after Hajduskova et al. (submitted for publication)
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tent antibody penetration anti myosin heavy chain (MHC) antibody was used.
Animals subjected to RNAi against hsp-1, smuv-1, and mys-2 showed a decreased signal
for H4Kac when compared to control animals in most cells, but neurons. Most C. elegans
neurons are resistant to RNAi by feeding (Kamath et al., 2001; Timmons et al., 2001;
Asikainen et al., 2005). In ogt-1 (ok430) mutants H4Kac staining shows more global
reduction, as compared to control (see fig. 2.7A and B on page 26). Taken together,
the decrease of H4K5,8,12,16ac levels in animals depleted for HSP-1, smuv-1, mys-2, or
ogt-1 suggests that the NSL HAT complex indeed interacts with hsp-1 as a barrier to
the induction of ectopic gene expression in the epidermis, whereas hat-1 is required for
induced transdifferentiation (see fig. 2.7C on page 26).
Figure 2.7.: Modification of Histone H4 acetylation in RNAi or ogt-1 mutant
background. (A) Immunostaining for Histone H4 acetylation on residues K5,8,12,16
(green channel) in RNAi or the ogt-1 mutant background. Co-staining with myosin heavy
chain (MHC) antibody (red channel) reflects general immunostaining efficiency. The
white arrows indicate the ventral nerve cord (VNC). VNC neurons retain H4K5,8,12,16
acetylation in RNAi experiments because neuronal RNAi is inefficient. Scale bars repre-
sent 2 µm. (B) Quantification of animals with reduced H4K5,8,12,16ac staining as shown
in A. Only animals with consistent MHC antibody and DAPI staining were counted to
ensure even antibody penetration. p1 = 0,0369; p2 = 0,0136; p3 = 0,0541; p4 = 0,0497
based on Student′s t-test. Error bars represent STDEV. (C) Model: HSP-1 protects
hypodermal cells from ectopic induction of neuronal or intestinal fates in collaboration
with the NSL complex. HAT-1 might be required for promoting ectopic gene expression.
Figures A to C modified after Hajduskova et. al (submitted for publication)
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2.2. Part 2: : Double RNAi by bacterial conjugation
2.2.1. The principle of double RNAi by conjugation
Figure 2.8.: Principle of double RNAi by conjugation (A) Schematic illustration
of bacterial conjugation. The conjugative F-plasmid is being transferred during conju-
gation from the donor to the recipient cell. (B) Schematic illustration of double RNAi
by conjugation. In addition to conjugative F-plasmid a RNAi donor plasmid is being
transferred to the recipient cell.
Cells of C. elegans become refractory to direct reprogramming by overexpression of
cell-fate inducing transcription factors (TF) after the 8E embryonic stage, suggesting
that barrier factors protect the cell from conversion. Tursun et al. (2011) demonstrated
that targeted knockdown of the histone chaperone lin-53 permits the che-1 mediated
induction of ASE neuron-like fates in germ cells. Barrier factors can be found in different
pathways and belong to separate mechanisms, as illustrated by research in vitro, convert-
ing human BJ fibroblasts to iPSCs (Qin et al., 2014). RNAi allows to specifically knock
down targeted genes and thus to identify genes that protect the cell fate. In one study
combinatorial RNAi against five different targets increased the reprogramming efficiency
by several fold (Toh et al., 2016). In C. elegans, RNAi is being applied by feeding the
worms with dsRNA expressing bacteria. Thus, the first and most direct approach to
perform double RNAi is to mix two bacteria cultures, expressing different dsRNA, which
is fast, but yields unreliable results. Alternatively, target sequences of two separate genes
can be combined into one plasmid, thereby guaranteeing to knock down both targeted
genes equally. However, this process is also laborious and thus not suitable for large scale
screens.
Our double RNAi protocol relies on bacterial conjugation (Lederberg, Tatum, 1946)
to generate double RNAi bacteria clones. The donor bacterial cell contains an F-plasmid
that carries its own origin of replication (oriV), as well as an origin of transfer site (oriT),
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at which the double stranded DNA is being nicked and single stranded DNA (ssDNA)
is transferred to a recipient bacterial cell (see fig. 2.8A on page 27). The tra locus
contains the pilin gene, as well as regulatory genes required to form a pilus that connects
donor to recipient cell in order to transfer the ssDNA. DNA polymerase complements
the transferred ssDNA in the recipient cell. The introduction of an oriT site to the RNAi
plasmid allows it to be transferred together with the F-plasmid during conjugation with
the end result of combining two different RNAi plasmids in a single bacterial cell (see
fig. 2.8B on page 27). By feeding the generated double RNAi bacteria to worms, the
genetic interaction of two or three genes can be investigated reliably in large scale high-
throughput screens.
2.2.2. The components of double RNAi by conjugation
The transfer of ssDNA during conjugation is enabled by the F-plasmid pRK24 (see fig.
2.9A on page 29). Originally, the plasmid carries an Ampicillin resistance gene that has to
be exchanged for Kanamycin in order to distinguish the F-plasmid by antibiotic selection
from the RNAi plasmids contained in RNAi libraries. Due the large size of the F-plasmid
(over 60 kb), it was required to use bacterial recombineering for which the F-plasmid was
transferred to the E. coli strain SW105 that contains a temperature-sensitive λ-Red
recombinase to generate pRK24-kan. Donor RNAi plasmid contains a Chloramphenicol
resistance gene and an oriT site (see fig. 2.9B on page 29). A sequence targeting the
gene of interest can be inserted in a one step mechanism. The donor RNAi plasmid was
electroporated into the E. coli strain SW105, already containing the modified F-plasmid
pRK24-kan.
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Figure 2.9.: Components of double RNAi by conjugation. (A) Graphical illustra-
tion of conjugative plasmid RK2. Modified after Thomas, Smith (1987). (B) Schematic
illustration of replacing the Ampicillin resistance cassette with Kanamycin by bacte-
rial recombineering in the conjugative F-plasmid pRK24 (C) Schematic illustration of
the introduction of an oriT site as well as replacing Amipicillin resistance cassette with
Chloramphenicol in order to be able to select for the donor and the recipient RNAi
plasmid.
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2.2.3. Establishing the conjugation protocol
2.2.3.1. No conjugation using cultures at stationary growth phase in liquid medium
Ma et al. (2014) used the F-plasmid pRK24 for their conjugation protocol (see fig 2.10A
on page 31) that required several washing steps for bacterial cultures of donor and re-
cipient, which were omitted in our protocol, as they would not be feasible in a large
scale approach. Initially, conjugation was attempted in liquid medium, as it could be
efficiently performed in high-throughput assays, since donor and recipient bacterial cul-
tures could be directly pipetted together. To this end, donor and recipient cultures were
grown O/N, then combined in 2 mL Eppendorf tubes and incubated at 32°C for 1h, 2h,
or O/N. In order to minimize potential inhibitory effects of the containing antibiotics,
mating mixtures of donor and recipient bacterial cultures were diluted with antibiotics-
free medium. To determine the ideal relative amounts of donor and recipient, equal ratios
of both as well as an overabundance of donor or recipient were tested. After incubation
the mating mixtures were diluted at 10-1 or 10-2 and plated on selective LBAmp+Tet+Chl
plates. The resulting colonies were streaked out on LBAmp+Tet+Chl plates as a second se-
lection step. None of the streak outs grew after O/N incubation at 37°C, suggesting that
colonies obtained after the first selection step were false-positives (see fig 2.10B on page
31). Based on the assumption that bacteria, if incubated O/N, require larger volumes of
media to grow, 20 mL Falcon tubes were used instead of 2 mL Eppendorf tubes. Similar
to before, various ratios of donor and recipient were tested and the mating mixtures were
incubated at 32°C O/N. To minimize potential inhibitory effects by antibiotics contained
in the growth media of donor and recipient cultures, the mating mixtures were diluted
with increasing amounts of non-selective LB medium (see fig 2.10C). Most of the mating
mixtures formed colonies on LBAmp+Tet+Chl plates in the first selection step, but failed
to grow when streaked out on LBAmp+Tet+Chl plates, indicating that the colonies were
false-positive and that a higher dilution would be required to effectively select for positive
colonies.
Since bacteria cells tend to lose plasmids without selective pressure, a second set of
mating mixtures were diluted with LBAmp+Tet+Chl medium. After incubation O/N at
32 °C, the bacteria were plated on selective plates. No bacterial colonies were observed
the following day, indicating that the mating of donor and recipient bacterial cells is
inhibited by added antibiotics.
2.2.3.1.1. Conjugation successful on solid medium
To test whether the donor strain SW105 (pRK24-kan; hsp-1 ) was functional, donor and
recipient strains were mixed on a LB agar plates and incubated O/N at 32 °C.
The resulting colonies on LBAmp+Tet+Cam also grew when streaked out on selective
media plates. Donor and recipient plasmids could be detected by PCR (see fig. 2.11 on
page 32), illustrating the successful transfer of the donor RNAi plasmid during conjuga-
tion.
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Figure 2.10.: Conjugation in liquid medium without wash step. (A) Conjugation
on solid medium according to Ma et al. (2014). Two wash steps ensure the removal
of antibiotics contained in growth media. (B) In contrast to the protocol of Ma et al.
(2014), the washing steps of donor (blue) and recipient (red) culture are omitted. Instead
antibiotics-free medium is being added. After incubation mating mixtures were plated on
LBAmp+Tet+Cam plates. Colonies were subjected to a second selection on LBAmp+Tet+Cam
plates and streaked out. All colonies were negative. See app. A.1 on page 114 for detailed
results. (C) As in B, but instead of 1.5 mL Eppedendorf tubes, mating mixtures were
incubated in 20 mL Falcon tubes. Conjugation did not occur. See app. A.2 on page 115
for detailed results.
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Figure 2.11.: Confirmation of functionality of donor strain SW105(pRK24-kan;
hsp-1 ) on solid medium. Mating of donor strain SW105 (pRK24-kan; hsp-1 ) with
HT115 (ogt-1 ) on solid LB agar plates, incubated O/N at 32 °C. Mating mixture resulted
in colonies. Donor and recipient plasmid were detected by PCR. See app. A.3 on page
115 for detailed results.
2.2.3.1.2. No conjugation using cultures at exponential growth phase in liquid medium
The functionality of the donor strain had been demonstrated on solid agar, while con-
jugation attempts in liquid medium were negative, using bacteria cultures grown O/N.
Since the stationary growth phase is characterized by the formation of inhibitory prod-
ucts, such as organic acid, and the depletion of essential nutrients, conjugation might be
impaired at this stage. Instead bacteria cultures were grown until the exponential phase
at an OD600 of 0.5, at which bacteria cells are actively dividing. Similarly to previous
attempts, donor and recipient cultures were mixed in different ratios at equal amounts
or an overabundance of donor or recipient strain. The total volume of the mating mix-
ture was set to 50 µL and further diluted with LB or SOC medium in a 1:1 ratio and
incubated for 2 to 8 h but not O/N in order to avoid the potential loss of plasmids in
non-selective medium. For the first selection step post incubation, the mating mixtures
were diluted at 10-1 and plated on LBAmp+Tet+Chl plates and incubated O/N at 37°C. A
subset of colonies was streaked out on LBAmp+Tet+Chl plates. All tested colonies proved
to be false-positives (see fig. 2.12A on page 33), suggesting that the bacterial growth
phase did not affect conjugation performed in liquid medium.
To exclude the possibility that the small media volume negatively affected the conju-
gation, the total volume of donor and recipient mating mixture was increased to 100 µL,
while testing equal amounts, as well as an overabundance of either donor or recipient
bacterial cells, then incubating the mating mixtures at 32 °C for 2 to 8 h, but without
adding LB or SOC medium. Following incubation mating mixtures were diluted at 10-1
and plated on LBAmp+Tet+Chl plates, incubated O/N at 37°C, and a subset of colonies
was streaked out on LBAmp+Tet+Chl plates and incubated at 37°C O/N. The incubated
selective plates did not show bacterial colony formation (see fig. 2.12B on page 33), sug-
gesting that a larger mating mixture volume does not positively affect the conjugation.
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Figure 2.12.: No conjugation in liquid medium at higher mating mixture vol-
umes. (A) Conjugation in liquid medium. Donor SW105 (pRK24-kan; hsp-1 ) and
recipient HT115 (ogt-1 ) culture were grown until OD600 of 0.5, mixed in 1.5 mL Eppen-
dorf tubes. The total volume of mating mixture (50 µL) was diluted in various ratios with
either LB or SOC medium, incubated at 32 °C for 2 to 8h and subsequently plated and
streaked out on LBAmp+Tet+Cam plates. See app. A.4 on page 116 for detailed results.
(B) As in A, but with an increased mating mixture volume of 100 µL. See app. A.5 on
page 117 for detailed results.
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2.2.3.2. On solid medium conjugative plasmid transfer at low efficiency
Figure 2.13.: Conjugation on solid medium at late exponential phase at low
efficiency.
Donor strain SW105 (pRK24-kan; hsp-1 ) and recipient HT115 (ogt-1 ) were grown until
late exponential phase and mixed at equal amounts on a LB agar plate, incubated at
32 °C O/N. Subsequently, the mating mixture was plated on LBAmp+Cam+Tet plates and
resulting colonies were streaked out to select for containing both, donor and recipient
plasmids. See app. A.6 on page 118 for detailed results.
Conjugation in liquid medium would be a more time efficient approach, but neither
the dilution of the bacterial mating mixture, nor the manipulation of incubation time
would enable the successful transfer of the donor RNAi plasmid to the recipient cell.
However, a preliminary result had shown that conjugation did occur on solid medium,
as shown previously (see fig. 2.11 on page 32), indicating that the donor strain was
functional. Following the aforementioned protocol by Ma et al. (2014) (see fig. 2.10A
on page 31), donor and recipient strains were mixed in equal amounts on LB agar plates
containing no antibiotics. Bacteria cultures were grown until late exponential phase and
mating mixtures were incubated at 32°C O/N and then subjected to antibiotic selection
on LBAmp+Cam+Tet plates at dilutions of 10-1 and 10-2. The first selection resulted in an
overabundance of colonies, of which only a small subset grew when streaked out again
on LBAmp+Cam+Tet (see fig. 2.13 on page 34), indicating the conjugation efficiency was
low.
2.2.3.3. Conjugation efficiency slightly improved by using E. coli donor host strain
HT115
To increase the conjugation success rate, a new host strain was generated using dsRNA
expressing E. coli strain HT115. In previous experiments the E. coli strain SW105, which
contains λ Red recombinase that might spontaneously modify the F-plasmid and thereby
reduce conjugation efficiency, was used. In order to reduce potential inhibitory effects of
antibiotics contained in donor and recipient cultures, the mating mixtures were diluted by
the addition of LB medium in various ratios from 2:1 to 1:2 then incubated at 32°C O/N
and subsequently subjected to antibiotic selection on LBAmp+Tet+Chl plates incubated
O/N at 37°C. When using either E. coli strain SW105 or HT115, the number of formed
colonies was positively correlated to added volume of LB medium. When streaked out on
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Figure 2.14.: Donor E. coli strain HT115 more efficient than donor strain
SW105. Conjugation on solid LB agar using two different E. coli host strains, SW105
and HT115, both carrying pRK24-kan; hsp-1 that are mixed at equal amounts with
HT115 (ogt-1 ). Donor and recipient cultures were grown until the exponential phase.
The mating mixture was diluted at various ratios with non-selective LB medium and
incubated at 32 °C O/N. The next day mating mixtures were diluted and plated on
LBAmp+Tet+Cam plates to select for containing both, donor and recipient plasmids. See
app. A.7 on page 118 for detailed results.
LBAmp+Tet+Chl and incubated O/N at 37°C, all tested colonies for donor E. coli strain
SW105 turned out to be false positives, whereas for the donor strain HT115 3 out of the
8 colonies selected grew on selective medium (see fig 2.14), suggesting that the usage of
E. coli strain HT115 slightly increases the conjugation success rate, potentially due to
the reduced risk of recombination.
2.2.3.4. Conjugation efficiency not improved at lower exponential growth phase
and reduced concentration of antibiotics
Previous results indicated a possible benefit of diluting the mating mixture in order to
decrease the concentration of antibiotics contained in the growth media of donor and
recipient cultures. To further dilute the concentration of antibiotics, more LB medium
was added to the mating mixture. Bacteria cultures were grown until the exponential
phase to exclude any potential negative side effect of bacteria being depleted for nutrients.
The conjugation was performed O/N at 32°C on LB agar plates using the E. coli donor
host strain SW105. Positive clones were selected on LBAmp+Tet+Chl plates O/N at 37°C.
Obtained colonies from the first selection step were streaked out on LBAmp+Tet+Chl plates
to test for false positives. When the mating mixture was diluted at 1:2 and 1:5 with non-
selective LB medium, 1 out of 8 tested colonies was a true positive (see fig. 2.15 on page
36), suggesting that the dilution of up to 1:5 did not increase conjugation efficiency.
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Figure 2.15.: Conjugation success rate not improved of of donor and recipient
cultures grown until exponential phase. Mating of SW105 (pRK24-kan; hsp-1 )
and recipient HT115 (ogt-1 ) cultures, grown until exponential phase and mixed at equal
amounts. The mating mixture was diluted in increasing volumes with non-selective LB-
medium and incubated at 32 °C O/N,. The next day the mating mixture was plated
on LBAmp+Tet+Cam plates and subsequently streaked out on LBAmp+Tet+Cam plates to
select for containing both, donor and recipient plasmids. See app. A.8 on page 119 for
detailed results.
2.2.3.5. Higher decrease of antibiotic concentration does not increase the
succession rate of conjugation
Figure 2.16.: Conjugation success rate unaffected by reduced concentration of
antibiotics.
Mating on solid LB agar of donor strain SW105 (pRK24-kan; hsp-1 ) with HT115 (ogt-
1 ). Donor and recipient culture were grown until exponential phase and mixed at equal
amounts and diluted with higher volumes of non-selective LB medium. The mating mix-
tured was incubated at 32 °C O/N or for 1h and subsequently plated on LBAmp+Tet+Cam
plates to select for containing both, donor and recipient plasmids. See app. A.9 on page
119 for detailed results.
Conjugation performed at a ratio of one volume mating mixture dilute with five vol-
umes of non-selective LB medium did not increase the conjugation success rate. Thus,
the question arose whether a higher dilution of the mating mixture and thereby a fur-
ther decreased concentration of antibiotics contained in the growth media of donor and
recipient strain could lead to increased conjugation efficiency.
The donor culture was grown until reaching the exponential phase, while the recipient
strain was grown until the stationary phase. Donor and recipient cultures were mixed
in equal amount, non-selective LB-medium was added at a range of ratios from 1:1 to
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1:10 and incubated O/N or for 1h. Mating mixtures were distributed on LBAmp+Tet+Chl
plates to select or double RNAi clones (see fig. 2.16 on page 36). Confirming a previous
result, when streaking out colonies from mating mixtures diluted with LB medium in
a ratio of 1:5, 1 out of 8 streaked out colonies grew on LBAmp+Tet+Chl plates. Higher
dilutions did not increase the conjugation effectiveness. When the mating mixture was
incubated for 1h instead of O/N, no colonies were observed on LBAmp+Tet+Chl plates,
indicating that longer incubation times are required.
2.2.3.6. An overabundance of donor cells improves conjugation efficiency
Figure 2.17.: Overabundance of donor cells increases conjugation efficiency.
Mating of donor strain SW105 (pRK24-kan; hsp-1 ) with HT115(ogt-1 ) mixed at various
ratios of donor or recipient cells. The mating mixture was incubated O/N at 32 °C,
streaked on LBAmp+Tet+Cam plates to select for cells containing both, donor and recipient
plasmids. See app. A.10 on page 119 for detailed results.
The dilution and thereby reduction of antibiotics in the mating mixture did not im-
prove the conjugation success rate. Therefore, the ratio of donor to recipient was altered.
Testing ratios of 1:10 and 1:5 of donor to receptor and vice versa showed that an over-
abundance of donor to recipient bacterial cells at a ratio of 5:1 yielded markedly improved
conjugation efficiency (see fig. 2.17 on page 37). The total amount of colonies was very
low (2), but both colonies were positive in the streak out test on LBAmp+Tet+Chl plates,
indicating the importance of a surplus of donor cells in comparison to the recipient.
2.2.3.7. Addition of antibiotics diminishes conjugation success rate
The mating of donor and recipient strain was most efficient when the mating mixtures
were incubated O/N and at an overabundance of the donor bacterial cells on non-selective
LB agar plates.
To test whether due to the long incubation period and the absence of selective pressure,
bacteria cells might lose plasmids, thereby impairing the total conjugation success rate,
plates with reduced antibiotic concentrations were prepared for Ampicillin, Kanamycin,
and Chloramphenicol. Kanamycin is used to select for the F-plasmid pRK24-kan and
was the prime candidate to ensure a high conjugation efficiency. To reduce the antibiotic
concentration originating from the growth media of donor and recipient cultures, the
mating mixture was diluted by addition of non-selective LB medium at an equal amount.
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Figure 2.18.: Addition of antibiotics to solid LB agar inhibits conjugation. (A)
Mating of donor strain SW105 (pRK24-kan; hsp-1 ) with recipient strain HT115(ogt-1 )
on LB agar plates. Donor and recipient cultures were combined at a ratio of 5:1, diluted
with non-seletive LB medium and incubated O/N at 32 °C. The next day selection for
cells containig both, donor and recipient plasmids on LBAmp+Tet+Cam plates. (B) as
in A, but mating mixtures were incubated solid LB agar plates that contained either
Ampicillin, Kanamycin, Chloramphenicol. (C) as in A, but using donor strain HT115
(pRK24-kan; hsp-1 ). (D) as in B, but using donor strain HT115 (pRK24-kan; hsp-1 ).
See app. A.11 on page 120 for detailed results.
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Based on our previous results, a surplus of donor cells, either E. coli strain SW105 or
HT115, were used. As a direct comparison, mating mixtures were incubated on LB agar
plates without antibiotics (see fig. 2.18 on page 38).
After incubation O/N at 32°C mating mixtures were diluted at 10-3 to reduce the number
of false positive colonies and subjected to selection on LBAmp+Tet+Chl plates. Mating
mixtures that were incubated on selective LB agar plates did not show colony formation,
indicating the inhibitory effect of antibiotics in the LB agar plates. In the absence of
selective pressure during conjugation, colonies were obtained on LBAmp+Tet+Chl plates,
of which only a small subset were confirmed in the second selection step as true positive
colonies, suggesting that dilution of the mating mixture of donor and recipient reduces
the conjugation success rate.
2.2.3.8. No increase of conjugation efficiency upon dilution when using higher
amount of donor cells
Figure 2.19.: Reduced concentration of antibiotics does not increase conju-
gation success rate. (A) Mating of donor strain SW105 (pRK24-kan; hsp-1 ) with
recipient strain HT115(ogt-1 ) on LB agar plates. Donor and recipient cultures were
combined at a ratio of 5:1, diluted with increased volumes of non-seletive LB medium
and incubated O/N at 32 °C. The next day selection for cells containing both, donor and
recipient plasmids on LBAmp+Tet+Cam plates. (B) as in A but using donor strain HT115
(pRK24-kan; hsp-1 ).
See app. A.12 on page 120 for detailed results.
An overabundance of donor cells compared to recipient cells improved the conjugation
success rate, but very few colonies were obtained. Therefore, the conjugation efficiency
was not sufficient to be used in high-throughput approaches. However, conjugation was
inhibited when the mating mixture of donor and recipient was incubated on selective
LB agar plates. Therefore higher amounts of non-selective LB medium was added to
mitigate the potential inhibitory effects of antibiotics contained in the growth media (see
fig. 2.19 on page 39). Contrary to what we had expected, very few colonies were formed
on LBAmp+Tet+Chl plates at a dilution of 10-3. Upon a second selection step only a small
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subset of the colonies could be confirmed, irrespective of whether the E. coli donor strain
SW105 or HT115 was used, indicating that neither strain is substantially more efficient
than the other.
2.2.3.9. Functionality of conjugative F-plasmid not impaired by modification
Figure 2.20.: Modified F-plasmid pRK24-kan functional. (A) Mating of origi-
nal donor strain (ECNR2.δtolC.mutS:zeo) containing unmodified F-plasmid pRK24 with
recipient strain HT115 (ogt-1 ). Donor and recipient cultures were combined at a ratio
of 5:1, incubated at 32°C for 1h/ON. The next day selection for cells containing both,
donor and recipient plasmids on LBAmp+Tet+Cam plates. (B) as in A but using donor
strain SW105 carrying unmodified F-plasmid pRK24. (C) as in A but using donor strain
SW105 carrying modified F-plasmid pRK24-kan.
See app. A.13 on page 121 for detailed results.
Donor RNAi plasmids could be transferred by conjugation, using the E. coli host
strains SW105 or HT115, but at a low efficiency. This brought up the question whether
the modified F-plasmid pRK24-kan functions properly after bacterial recombineering,
during which the resistance gene had been exchanged. For this purpose the original
F-plasmid (pRK24) in its original host strain (ECNR2.δtolC.mutS:zeo ) was compared
with unmodified pR24-Amp and pRK24-kan in E. coli strain SW105 (see fig. 2.20 on
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page 40).
The mating mixtures were incubated either for 1h or O/N without the addition of
non-selective LB medium. For the unmodified pRK24 plasmid in its original host strain
(ECNR2.δtolC.mutS:zeo) or in E. coli SW105 affected the length of incubation not the
conjugation success rate. In colonies streaked out on LBAmp+Tet+Chl in the secondary
selection step were positive, suggesting that they were true-positives. Colonies obtained
from the conjugation after incubating O/N using the modified pRK24-kan F-plasmid
all streaked out colonies were positive as well, indicating that the functionality of the
modified F-plasmid pRK24-kan is not impaired.
2.2.3.10. Recombination deficient donor strain improves conjugation efficiency at
different growth phases
Figure 2.21.: Improved conjugation using recombination deficient new donor
strain EPI300. Mating of recombination deficient donor strain EPI300 (pRK24-kan;
hsp-1 ) with recipient strain HT115 (ogt-1 ). Donor and recipient culture were grown until
exponential phase and mixed at a 5:1 ratio. The mating mixture was incubated at 37°C
for 1h or O/N on LB agar plates. The next day selection for cells containing both, donor
and recipient plasmids on LBAmp+Tet+Cam plates. See app. A.14 on page 121 for detailed
results.
To improve the conjugation success rate a new donor strain was generated, using the
recombination deficient E. coli strain EPI300(pRK24-kan; hsp-1 ). Using an overabun-
dance of the donor strain, both, donor and recipient strain were combined and incubated
at 37°O/N. The resulting colonies all grew when streaked out on LBAmp+Tet+Chl. The
growth phase of the donor culture did not affect the conjugation efficiency. In a sec-
ond experiment, the donor culture was grown until the late exponential phase and the
recipient culture was grown until the stationary phase. The mating mixture was incu-
bated for 1h or O/N, followed by plating and subsequent streak out on LBAmp+Tet+Chl
plates. When reducing the incubation time from O/N to 1h the conjugation success rate
was drastically reduced from 100% to 12.5% (see fig. 2.21 on page 41), suggesting that
incubation times longer than 1h are required.
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Figure 2.22.: Conjugation efficiency unaffected by the usage of overnight cul-
tures.
Mating of donor strain EPI300 (pRK24-kan; hsp-1 ) with recipient strain HT115 (ogt-
1 ) . Donor and recipient culture were grown O/N until stationary phase, combined at
a ratio of 5:1 donor to recipient and incubated for 1h at 37°C non-selective LB agar
plates. The next day selection for cells containing both, donor and recipient plasmids on
LBAmp+Tet+Cam plates. See app. A.15 on page 121 for detailed results.
2.2.3.11. Overnight cultures of donor and recipient strains adequate for
conjugation
Up to now bacterial cultures had been grown until reaching an OD600 of 0.8-1.2. Previous
results have shown that using donor or recipient cultures in the stationary phase (OD600
> 1.0) does not affect the conjugation success rate. To simplify the protocol and make it
applicable for high-throughput approaches it was tested, whether bacteria cultures grown
O/N with an OD600 of > 1.5 could also be used.
Donor and recipient cultures were mated on non-selective LB agar plates for 1h at
37°C (see fig. 2.22 on page 42). Colonies from the conjugation were first streaked out
on LBAmp+Tet+Cam plates. All colonies were positive, which could also be confirmed by
colony PCR testing for donor and recipient plasmid. Thus, overnight cultures that are
in stationary phase can mate with no reduction in conjugation efficiency.
2.2.3.12. Conjugation success rate is not affected by growth phase
After showing that bacterial cultures in late stationary phase mate without a reduction
of efficiency, the question arose whether the growth phase did affect the conjugation
success rate in any way. To test this, donor and recipient cultures were grown either until
exponential or stationary phase, mated for 1h at 37°C and incubated O/N on selective
medium (see fig. 2.23 on page 43). Colonies were streaked out on LBAmp+Tet+Cam plates
and tested by PCR for donor and recipient plasmid. The conjugation success rate was
at 100% independent of the growth phase, suggesting that mating is not affected by
bacterial cultures being in the stationary or exponential growth phase.
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Figure 2.23.: Bacterial growth phase does not affect conjugation efficiency.
Mating of donor strain EPI300 (pRK24-kan; hsp-1 ) with recipient strain HT115 (ogt-1 )
. Donor and recipient culture were grown either until exponential or stationary phase,
combined at a ratio of 5:1 donor to recipient and incubated for 1h at 37°C non-selective
LB agar plates. The next day selection for cells containing both, donor and recipient
plasmids on LBAmp+Tet+Cam plates. See app. A.16 on page 122 for detailed results.
2.2.3.13. Translation of double RNAi by conjugation protocol to high-throughput
approach
In order to transfer our conjugative plasmids to high-throughput with a large set of RNAi
plasmid carrying bacteria, it was necessary to switch from 6 cm to 96-well LB agar plates.
Each well was filled with 100 µL of LB agar and plates were left to dry O/N. Conjugation
was performed with donor and recipient strains grown until stationary phase, then mated
in a 5:1 ratio and incubated at 37 °C for 1h. Following incubation, the wells were washed
off with LB and the resuspended media was incubated in LBAmp+Tet+Cam O/N. The
overnight cultures were subjected to a secondary selection step in LBAmp+Cam O/N.
First results showed a high variance of conjugation success rate after the second selection
step ranging from 50 to 90 % (see).(see. fig. 2.24A on page 44)
From initial experiments it was known that conjugation did not occur in liquid medium.
The total mating mixture volume of donor and recipient was 25 µL (20 µL donor culture
and 5 µL recipient culture). The mating mixture would not dry in the well as it did on
6 cm agar plates. To reduce the total volume the concentration of the donor strain was
increased by factor 4. Subsequently, 5 instead of 20µL of donor culture were mixed with
5 µL of recipient and the conjugation success rate increased up to over 90 % (see. fig.
2.24B on page 44)
43
Figure 2.24.: Reduction of mating mixture volume increases conjugation effi-
ciency in 96-well format. (A) Mating of donor strain EPI300 (pRK24-kan; hsp-1 )
with recipient strain HT115 (ogt-1 ). Donor and recipient cultures were grown until sta-
tionary phase, combined at a ratio of 5:1 donor to recipient and incubated for 1h at 37°C
non-selective LB agar plates. The next day selection for cells containing both, donor and
recipient plasmids on LBAmp+Tet+Cam plates. (B) as in A, but the donor culture was
up concentrated to have an overabundance of donor cells in the mating mixture while
simultaneously reducing the total volume of mixed donor and recipient cells.
See app. A.17 on page 122 for detailed results.
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2.2.4. Proof-of-principle experiments
2.2.4.1. Proof-of-concept: Synthetic lethality
Figure 2.25.:
Co-knockdown of rpn-10 and rpn-
12 is synthetically lethal. Relative
quantification of survival rate of N2 an-
imals on F1 RNAi by comparing num-
ber of layed eggs to L4 animals. P-
values were calculated using one way
ANOVA and Dunnett’s multiple com-
parisons test comparing to ctrl RNAi
(ns = P ≥ 0.5, * = P ≤ 0.05, *** = P ≤
0.001). Error bars represent SEM from
three independent RNAi experiments, n
= 120 to 300 for each RNAi.
Modified RNAi plasmids can be transferred by bacterial conjugation to generate bac-
terial cells, carrying two different RNAi plasmids, which could be demonstrated by an-
tibiotic selection and subsequent detection by PCR. Following the demonstration of gen-
erating double RNAi clones that contain two differnt dsRNA plasmids, it was tested,
whether the transferred RNAi plasmid was functional and able to be used as a template
to knock down a target gene.
Takahashi et al. (2002) depleted 26S Proteasome subunits by RNAi and showed that
a knock down of either rpn-10 and rpn-12 does not affect the survival rate, whereas
the simultanoeus knockdown of rpn-10 and rpn-12 is synthetically lethal. A donor
strain targeting rpn-12 was created to generate rpn-12_CON_rpn-10 as well as rpn-
12_CON_Rluc to be used as a control. L4 animals were transferred on RNAi to lay
eggs. The next day mother animals were taken off the plate and the eggs counted. The
survival rate was calculated by comparing the number of laid eggs to the number of
L4 animals. As figure 2.25 on page 45 shows, the RNAi knockdown of either rpn-10
or rpn-12 does not affect the survival rate of worms when compared to control RNAi.
When rpn-10 and rpn-12 containing RNAi bacteria are mixed in a well, the survival
rate decreases by approximately 30 %. However, when rpn-10 is combined with rpn-12
via conjugation in a single bacterial cell, the survival rate is reduced by 50%, showing a
trend of double RNAi by conjugation being more potent than the mixing of two RNAi
bacteria strains. Conjugating rpn-12 with control RNAi did not affect the survival rate,
suggesting that the generated double RNAi clone rpn-12_CON_rpn-10 simultaneously
knocked down both targets and therefore induced synthetic lethality.
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2.2.4.2. Proof-of-concept: Arrested oocyte maturation
During development oocyctes arrest at the prophase of the first meiotic division. The
release from this prophase arrest is termed oocyte maturation. Detwiler et al. (2001)
demonstrated in C. elegans that two TIS11 zinc finger-containing proteins, OMA-1 and
OMA-2, are required for oocyte maturation. Both proteins share 64% identity through-
out the entire amino acid sequence and are nearly identical in the two zinc fingers.
In wild type C. elegans hermaphrodites the reproductive system consists of two distal
gonad arms, which are joined, and share a uterus (see fig. 2.26A on page 47). Both go-
nadal arms are filled with germ nuclei that proliferate mitotically before entering meiotic
prophase I and initiating oogenesis. Oocytes grow in nuclear and cytoplasmic volumes
after cellularization and late oogenesis. The fully grown oocytes remain in diakinesis of
prophase I. If sperm is present, oocytes undergo maturation and are ovulated into the
spermatheca where fertilization occurs and subsequently passed into the uterus. In wild
type worms ovulation occurs in an assembly-line fashion. oma-1; oma-2 (RNAi) animals
produce sperm and oocytes, but not embryos and the uterus is empty. The gonadal
arms in animals subjected to combinatorial RNAi againt oma-1 and oma-2 fill up with
an abnormally large number of oocytes that accumulate even beyond the bend of the
gonadal arm. In contrast, oocytes in wild type animals occupy less space. To recapitu-
late the induction of arrested oocyte maturation upon simultaneous knockdown of oma-1
and oma-2, wild type N2 animals were subjected to RNAi and the progeny was scored
at adult stage for arrested oocyte maturation by looking for the empty uterus and the
accumulation of oocytes in the gonadal arms.
Figure 2.26B on page 47 shows that the oocyte development under control conditions,
as well as when knocking down either oma-1 or oma-2, by itself is not affected. However,
animals on combinatorial RNAi generated by conjugation against oma-1 and oma-2
show a strongly increased onset of arrested oocyte development. Three different oma-
1_CON_oma-2 clones were compared, yielding similar results, indicating that double
RNAi conjugation generates reliable combinatorial RNAi clones.
2.2.4.3. Proof-of-concept: Induction of ectopical expression of pan-neuronal
reporter
Ciosk et al. (2006) demonstrated that MEX-3 and GLD-1 are essential for maintaining
totipotency in the C. elegans germ line. Upon knockdown of gld-1 and mex-3, germ cells
transdifferentiate into somatic cell types such as neurons. GLD-1 belongs to a family of
the signal transduction and activation RNA (STAR) family of KH-domain, RNA-binding
proteins and is expressed primarily in the central gonad. MEX-3 is expressed complemen-
tary and contains two KH-domains, but is otherwise dissimilar to GLD-1. The double
knockdown of gld-1 and mex-3 increases the percentage of gonads with somatic cells
when compared to gld-1 alone (Ciosk et al., 2006). A gld-1 donor strain was generated
and mated with mex-3 RNAi containig bacteria, as well as Rluc as control. Worms car-
rying a rab-3::tRFP reporter construct were subjected to RNAi as L4 animals and the
progeny was scored as late adult for the ectopic expression of rab-3::tRFP in the germ
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Figure 2.26.: Arrested ooycyte development in oma-1; oma-2 (RNAi) animals.
(A) Schematic depiction of a wild-type C. elegans adult hermaphrodite gonadal arm. In
the distal region germ cells proliferate mitotically and then enter prophase of meiosis
I before they form mature oocytes. Modified after Detwiler et al. (2001). (B) Quan-
tification of animals that show arrested ooycyte development, comparing three separate
clones. Error bars represent SEM from three independent RNAi experiments, n = 150
to 240 for each RNAi. (C) On control RNAi (left) the distal gonadal arm is empty of
oocyctes. Proximally oocytes mature and pass into the uterus. In animals subjected to
oma-1 ; oma-2 double RNAi oocytes arrest and accumulate even beyond the bend of the
gonadal arm. The uterus is empty of oocytes.47
Figure 2.27.: Ectopic expression of pan-neuronal reporter rab-3::tRFP in the
germ line in gld-1 ; mex-3 (RNAi animals). (A) Worms expressed rab-3::tRFP in
the germ line upon knockdown of gld-1 and mex-3. Scale bar = 20 µm (B) Quantification
of animals mis-expressing rab-3::tRFP in germ line. P-values were calculated using one
way ANOVA and Tukey’s multiple comparisons test (ns = P ≥ 0.5, *** = P ≤ 0.001).
Error bars represent SEM from three independent RNAi experiments, n = 140 to 300 for
each RNAi.
48
line.
Figure 2.27B on page 48 shows that in gld-1 (RNAi) animals less than 5% of germ cells
express the pan-neuronal reporter rab-3. Mixing of gld-1 and mex-3 RNAi containing
bacteria did not result in the loss of germ cell totipotency, whereas animals subjected
to gld-1_CON_mex-3 RNAi showed a significantly increased amount of germ cells ex-
pressing rab-3::tRFP (P ≤ 0.001, Dunnett’s multiple comparisons test), suggesting that
combinatorial RNAi by conjugation is more reliable than by mixing.
2.2.4.4. Proof-of-concept: Induced synthetic multivulva
Figure 2.28.: Combinatorial RNAi insufficient to induce SynMuv phenotype.
(A) Depiction of synmuv phenotype in lin-53; lin-15A double mutants. Figure modified
after Andersen et al. (2006). (B) Quantification of N2 animals showing protruding vulva
or synthetic multi vulva. Error bar represent SEM from two independent experiments,
n = 160 to 240 for each RNAi. (C) As in B but using lin-15A -/- worms, n = 170 to 240
for each RNAi.
The synthetic multivulva (synmuv) phenotype is characterized by the formation of
additional vulvas during development (see fig. 2.28A on page 49) and caused by two un-
linked recessive mutations, neither of which is sufficient to cause the phenotype. Based
on classical forward screens, genes were grouped into class A or B, whereby the simulta-
neous knockout of a gene from each class is required to induce the formation of synthetic
multi vulvas (synmuv) during development (reviewed in Fay, Yochem (2007)).
Wild type worms at L4 were subjected to RNAi for knockdown of lin-8, lin-53, and
lin-8_mix_lin-53 (see figure 2.28C) and the progeny was scored at L4/YA stage for
protruding and multivulva. In addition, donor strains for lin-9, lin-15A, and lin-53 were
generated. Synmuv class A gene lin-15A was mated with synmuv class B gene lin-53,
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whereas lin-53 and lin-9 (class B) were mated with synmuv class A gene lin-8. The pro-
truding vulva is caused by knockdown of lin-53, thus allowing to assess the effect of lin-53
RNAi. Combinatorial RNAi by mixing was performed by combining bacteria containing
RNAi against lin-9, lin-15A, and lin-53 together with lin-8 and lin-53, respectively. lin-
53 (RNAi) animals displayed the protruding vulva, thus confirming the proper function
of the lin-53 RNAi donor plasmids, whereas no worm showed the formation of synthetic
multivulva (see fig. 2.28B on page 49), suggesting that combinatorial RNAi might be
insufficient.
To test whether a knockout was required to induce the synthetic multivulva phenotype,
lin-15A (n767) mutants were used. As a control lin-15A (n767) mutants were tested on
ctrl RNAi as well as lin-8 RNAi, which belongs to the same gene class as lin-15A, in
which worms showed normal vulva development. lin-15A (n767) mutants subjected to
lin-53 RNAi (class B) resulted in over 90% of worms showing multivulva, indicating that
combinatorial RNAi against lin-15A and lin-53 is insufficient to induce the formation of
additional vulvas.
2.2.5. Performing enhancer screen for lin-53 RNAi mediated unc-25::gfp
induction in germ line
Previously it was shown that LIN-53 acts as a barrier to the conversion of germ cells
upon expression of the terminal transcription factor UNC-30 (Tursun et al. (2011)).
Using the newly generated line, expressing unc-30 under a heat shock promoter, these
results could be confirmed. Less than 20% worms on lin-53 RNAi while overexpressing
UNC-30 show unc-25::gfp expression in the germ line(see fig. 2.30C on page 52). The
aim of our screen was to increase the unc-25::gfp induction efficiency by identifying
genetic interaction partners of lin-53. Synchronized L4 worms were transferred to RNAi
plates. The progeny was subjected to a heat shock to activate the ectopic expression of
unc-30 and the worms would be scored on the following day (see fig. 2.29A on page 51).
Our lab has generated a RNAi sub-library containing about 800 chromatin-related
genes, such as functions in chromatin structure, regulation of transcription or the modifi-
cation of histones (see fig. 2.29B on page 51). LIN-53 is a histone chaperone (RbAp46/48
in humans) and its ortholog in various species have been found to be a component of sev-
eral histone remodeling and modifying complexes such as HAT1 histone acetyltransferase
complex, CAF1 chromatin assembly factor complex, Sin3 transcriptional repressor com-
plex, PRC2 histone methyltransferase complex (Eitoku et al., 2008; Loyola, Almouzni,
2004). To identify potential interaction partner of lin-53, a lin-53 donor strain was gen-
erated and mated with each RNAi clone of the Chromatin sub-library (see fig. 2.29C on
page 51)
2.2.5.1. Co-knockdown of rbbp-5 and lin-53 leads to increased expression rate of
unc-25::gfp in germ line
Candidates from the primary screen were re-tested in F1 RNAi (see fig. 2.30B on page
52). As a control lin-53 was conjugated with Rluc. The co-knockdown of lin-53 and
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Figure 2.29.: Enhancer screen for lin-53 RNAi-mediated ectopic induction of
unc-25::gfp in the germ line. (A) For F1 RNAi experiments worms were synchronized
by harvesting and transferred as L4 to RNAi bacteria. Ectopic expression of unc-30 in
F1 generation and quantification of ectopic induction of unc-25::gfp 24 h later. (B)
A detailed breakdown of the targeted factors by the Chromatin RNAi sub-library 2.0
showing that targeted chromatin regulating factors are implicated in a variety of different
biological processes. (C) Donor strain containing modified lin-53 RNAi plasmid with
oriT site was mated with every single RNAi clone from the Chromatin 2.0 sub-library
by pipetting donor and recipient on 96-well plates together, incubation for 1h at 37°C.
The next day mating mixtures were subjected antibiotic selection on LBAmp+Tet+Cam
medium to select for clones that contain donor and recipient plasmid.
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Figure 2.30.:
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Figure 2.30.: Increased unc-25::gfp induction efficiency upon RNAi against
lin-53 and rbbp-5. (A) Transgenic background hsp-16.2/4::unc-30, unc-25::gfp, rab-
3::tRFP was used for screening. Control animals show expression of unc-25::gfp in
GABAergic neurons on the ventral side of the worm. F1 RNAi against lin-53 and rbbp-5
allows overexpressed unc-30 to induce unc-25::gfp in the germ line. Magnification (white
box) indicates that GFP-positive cells do not adapt neuronal morphology by showing axo-
dendritic outgrowths of protrusions. Scale bar = 20 µm. (B) Quantification of animals
expressing unc-25::gfp in the germ line upon overexpression of unc-30. Double RNAi
using conjugated RNAi clones identified in primary screen testing for genetic interactions
with lin-53 P-values were calculated using one way ANOVA and Dunnett’s multiple
comparisons test (ns = P ≤ 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001,
and **** = P ≤ 0.0001). Error bars represent SEM from three independent RNAi
experiments, n = 300 to 500 for each RNAi. (C) Quantification of animals expressing
unc-25::gfp in the germ line upon overexpression of unc-30. P-values were calculated
using one way ANOVA and Dunnett’s multiple comparisons test (ns = P ≤ 0.05, * = P
≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, and **** = P ≤ 0.0001). Error bars represent
SEM from three independent RNAi experiments, n = 280 to 500 for each RNAi.
rbbp-5 significantly increased the unc-25::gfp expression efficiency ( P ≤ 0.01, Dunnett’s
multiple comparisons test). With the exception of LIN-53 co-depleted with ATTF-3
showed all other candidates a reduction of induced GABA fate reporter expression com-
pared to lin-53_CON_Rluc.
To test whether rbbp-5 and lin-53 might genetically interact, RNAi against rbbp-5
alone was performed showing that co-knockdown of lin-53 and rbbp-5 caused a signifi-
cantly greater increase in unc-25::gfp induction efficiency when compared to rbbp-5 alone
(P ≤ 0.001, Dunnett’s multiple comparisons test). Surprisingly, mixing lin-53 and rbbp-5
RNAi did not permit a significant increase of ectopic GABA fate reporter induction when
compared to control RNAi (P ≤ 0.05, Dunnett’s multiple comparisons test), indicating
that the additive effect of co-depleting LIN-53 and RBBP-5 might not have been found
in double RNAi by mixing.
2.2.5.2. unc-25::gfp positive germ cells also express Rab3a-interacting protein
(RIM)
A typical characteristic of neurons is the process of neurotransmission by which neu-
rotransmitters are released, bind to postsynaptic receptors and cause a change in the
postsynaptic neuron. The site of neurotransmitter release is defined as the active zone
that contains a highly interactive protein-rich web that is opposite to the postsynap-
tic density composed of neurotransmitter receptors (Harlow et al., 2001; Phillips et al.,
2001). Using transgenic reporters, it also has been demonstrated that animals on lin-
53_CON_rbbp-5 RNAi start to express unc-25, which is the C. elegans ortholog of the
GABA neurotransmitter biosynthetic enzyme, glutamine acid decarboxylase (GAD), in
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Figure 2.31.: Germ cells positive for unc-25::gfp also express active zone pro-
tein RIM. Antibody staining of RIM and GFP proteins in the germ line of young adult
hermaphrodites. Transgenic background hsp-16.2/4::unc-30, unc-25::gfp, rab-3::tRFP
was used for staining. Animals were subjected to RNAi and stained 24 h post heat
shock. Scale bar = 20 µm.
54
Table 2.1.: Conserved components of the COMPASS complex in C. elegans, yeast, and
human.
S. cerevisae Human C. elegans
set1
SET1 set-2
MLL1 set-16
MLL2
MLL3
bre2 Ash2L ash-2
swd1 RbBP5 rbbp-5
swd3
WDR5 wdr-5.1
wdr-5.2
wdr-5.3
spp1 CxxC1/Cfp1 cfp-1
swd2 WDR82 wdr-82
sdc1 hDPY30 dpy-30
shg1
the germ line when additionally unc-30 is overexpressed. To characterize the neuron-like
cells further, worms were stained for the active zone specific Rab3a-interacting protein
(RIM) (Dresbach et al., 2001; Rosenmund et al., 2003). Fig. 2.31 on page 54 shows that
RIM proteins are co-localized with ectopic unc-25::gfp expression, indicating that they
are indeed converting from germ cells to GABA neuron-like cells.
2.2.6. Co-depletion of LIN-53 and members of the COMPASS complex
does not increase reprogramming efficiency
RBBP-5 is part of the Set-1/ML or COMPASS (Mixed Lineage Leukemia/Complex Pro-
teins Associated with Set1) complex that is responsible for the methylation of lysine 4
of histone 3 and also found in humans (see tab. 2.1 on page 55). The complex contains
seven subunits that are all present in C. elegans, including RBBP-5, three WDR5-like
proteins (WDR-5.1, .2, and .3), ASH-2, CFP-1, two histone methyltransferases (SET-2
and SET-16), as well as either WDR-82 or DPY-30 (Li, Kelly, 2011). Various com-
ponents of the COMPASS complex are involved in aging (Greener et al 2010), dosage
compensation (Pferdehirt, 2011), vulval development (Fisher et al 2010) and neuronal
development (Poole 2011).
To test for further genetic interactions of lin-53 with the COMPASS complex, double
RNAi bacteria were generated by conjugation with the lin-53 donor strain. The unc-
25::gfp induction efficiency was compared to lin-53_CON_Rluc. With the exception
of rbbp-5, none of the tested simultaneously knocked down COMPASS complex mem-
bers showed a significant increase in induction efficiency (P ≤ 0.05, Dunnett’s multiple
comparisons test). On the contrary, most showed a strong decrease of ectopic GABA
reporter induction when compared to lin-53_CON_Rluc. This suggests that if lin-53
and rbbp-5 genetically interact, it is independently of the COMPASS complex. Further-
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Figure 2.32.: lin-53 does not genetically interact with members of the COM-
PASS complex. (A) Transgenic background hsp-16.2/4::unc-30, unc-25::gfp, rab-
3::tRFP was used for RNAi experiments. Double RNAi clones of members of the
MLL/COMPASS complex and lin-53 were generated by conjugation. Quantification
of worms that express unc-25::gfp in the germ line after induced overexpression of unc-
30. P-values were calculated using one way ANOVA and Dunnett’s multiple comparisons
test (ns = P ≤ 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, and **** = P ≤
0.0001). Error bars represent SEM from three independent RNAi experiments, n = 190
to 300 for each RNAi. (B) as in A, but performing single RNAi against selected mem-
bers of the MLL/COMPASS complex. Error bars represent SEM from three independent
RNAi experiments, n = 200 to 400 for each RNAi.
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Table 2.2.: Known genetic interactors of lin-53 and rbbp-5
lin-53 interactors rbbp-5 interactors
lin-53 lin-40 xnp-1 wdr-5.1
chaf-1 egl-27 fit-1 C31C9.2
chaf-2 rba-1 nurf-1 ctf-4
mes-6 lin-61 isw-1 gap-1
lin-9 dcp-66 pyp-1 mtq-2
lin-35 hda-1 mes-2 rad-50
lin-37 hda-2 mes-3 rnr-2
lin-52 hda-3 mes-6 swd-2.2
lin-54 chd-3 sin-3 ubp-1
dpl-1 let-418 C16C10.4 dpy-30
hat-1 mep-1 mbd-2 ash-2
more, it indicates that the COMPASS complex is not a barrier to reprogramming, but
actually required for UNC-30 to be able to induce the expression of unc-25::gfp in the
LIN-53 depleted germ line.
2.2.7. Triple RNAi by conjugation identifies no enhancer of lin-53 ; rbbp-5
RNAi mediated induction of unc-25::gfp in the germ line
Having demonstrated that lin-53 does not genetically interact with the COMPASS com-
plex via conjugation and subsequent co-knockdown, the question arose whether lin-53
and rbbp-5 have common genetic interaction partners. To test of enhancement of the
induction efficiency observed upon simultaneous depletion of LIN-53 and RBBP-5 and
overexpression of unc-30, a new donor strain was generated, containing target sequences
for rbbp-5 and lin-53 (see. fig. 2.33A on page 58). The newly generated lin-53 ::rbbp-5
donor strain was conjugated with a set of 36 known genetic interactors of lin-53 and
11 of rbbp-5 (see tab. 2.2 on page 57) to test for enhancement of unc-25::gfp induc-
tion efficiency when compared to lin-53::rbbp-5_CON_Rluc. For none of the 47 newly
generated triple RNAi clones could an increase of induced unc-25::gfp expression in the
germ line of worms be observed, indicating that lin-53 and rbbp-5 do not share common
genetic interactors.
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Figure 2.33.: No identified enhancer of ectopic induction of unc-25::gfp in lin-
53 ; rbbp-5 (RNAi) animals. (A) Schematic illustration of triple RNAi by conjuga-
tion. By generating a ’stitched’ double RNAi donor plasmid, three genes can be selective
knocked down. (B) Transgenic background hsp-16.2/4::unc-30, unc-25::gfp, rab-3::tRFP
was used for RNAi experiments. Triple RNAi clones of known genetic interactors of ei-
ther lin-53 or rbbp-5 and rbbp-5::lin-53 were generated by conjugation. Quantification of
worms that express unc-25::gfp in the germ line after induced overexpression of unc-30.
Error bars represent SEM from three independent RNAi experiments, n = 30 to 100 for
each RNAi.
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3. Discussion
3.1. Double RNAi allows investigation of genetic
interactions of essential genes in large scale screens
Originally it was assumed that differentiated cells are unable to adapt a new cell fate
(Waddington, 1957). With the discovery of induced direct reprogramming a door opened
for the development of new in vitro disease models, as well as the replacement of lost
neuronal tissue in patients with neurodegenerative diseases (Gascón et al., 2017).
Shortly after the initial observation that overexpression of the transcription factor
(TF) MyoD is sufficient to reprogram fibroblasts into muscle cells (Davis et al., 1987) it
became apparent that other cell types were refractory to transdifferentiation into muscle
cells (Weintraub et al., 1989), indicating that cell-type specific barrier factors prevent
cell-fate conversion. The model organism C. elegans is perfectly suited to study direct
reprogramming in vivo with its short life span, translucent body, and invariant cell
lineage. Developing cells after the blastomere 8E stage in C. elegans become refractory
to induced reprogramming upon overexpression of cell-fate inducing transcription factors,
suggesting that the cells lose their plasticity (Yuzyuk et al., 2009).
Thus, the depletion of barrier factors is required in addition to overexpression of cell-
fate inducing TFs to convert differentiated cells, which was demonstray by Tursun et al.
(2011). They showed that the targeted depletion of LIN-53 by RNAi is required to
convert germ cells into ASE neuron-like cells. However, only a subset of lin-53 (RNAi)
animals expressed the ASE fate marker gcy-5::gfp upon overexpression of the TF CHE-1,
suggesting that other barrier factors act as additional protective mechanisms. In order to
identify genetic interactors of lin-53, it has to be co-depleted together with other genes.
Currently, two approaches are available in C. elegans to achieve simultaneous knock down
of two genes. First, lin-53 RNAi can be mixed with other dsRNA expressing bacteria
strains. This method, however, has a high false-negative rate, since bacteria containing
different RNAi plasmids grow at varying speeds, leading to disproportionate depletion
of one gene over the other. Alternatively, a new RNAi plasmid containing the lin-53
target sequence combined with other genes could be generated. This approach results in
a reliable knock down of the target genes. The cloning process is, however, laborious and
therefore inapplicable for large-scale high-throughput screens. The fate of differentiated
cells is maintained and protected by a complex interplay of many genes, as demonstrated
by in vitro studies that resulted in improved efficiency of iPSC generation (Qin et al.,
2014; Toh et al., 2016). The systematic investigation of genetic interactions between
barrier genes in C. elegans thus requires the application of large scale and effective
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combinatorial RNAi. The aim of this study was therefore to develop a new method
based on bacterial conjugation (Lederberg, Tatum, 1946) that allows combination of two
distinct RNAi plasmids in a single bacterial cell in a high-throughput approach to study
the genetic interactions of the reprogramming barrier factor lin-53 with other chromatin-
related genes in a large scale screen.
3.2. Establishment of double RNAi by conjugation
3.2.1. Bacterial conjugation can occur at different stages of bacterial
growth
Bacterial cells undergo several growth phases, beginning at the lag phase, in which the
bacterial cell matures and is thus unable to divide. This phase is followed by the expo-
nential phase, characterized by cell doubling. After the depletion of essential nutrients or
formation of inhibitory products, such as organic acids, bacteria cells stop dividing and
enter starvation. During this phase mutations can occur. Bridges et al. (2001) demon-
strated that DNA damage is responsible for many of the mutations.
To establish the protocol for double RNAi by conjugation, donor and recipient bacte-
rial cultures grown until the exponential phase were used. However, later experiments
demonstrated that the conjugation efficiency is not affected by the stage of bacterial
cultures. This is crucial, as it makes the protocol more suited to be used in large-scale
approaches, because, although all RNAi plasmids are contained in the same E. coli host
strain (HT115) that expresses dsRNA, the growth rate varies substantially, rendering it
very difficult to grow a large set of bacterial cultures to a similar concentration. Addi-
tionally, the growth phase would have to be determined by measuring the optical density
of at least a subset of bacterial cultures, thereby making the protocol cumbersome and
impractical for high-throughput approaches. Since bacterial conjugation occurs also in
the stationary phase, it is possible to use overnight cultures for generating double RNAi
clones, thereby simplifying the protocol substantially.
3.2.2. Stable bacterial host strain EPI300 is crucial for reliable
conjugation success rate
The original F-plasmid pRK24 contained an Ampicillin cassette similar to RNAi plasmids
in the recipient strains. In order to select for pRK24 specifically, Ampicillin, carried by
recipient RNAi plasmids, was replaced with Kanamycin. Due to the large size of the
F-plasmid pRK24 (over 60 kb), it had to be transferred into the E. coli strain SW105 in
order to exchange the antibiotic resistance cassette via recombineering. Subsequently, the
RNAi donor plasmid was added by electroporation to generate the first donor strain. This
donor strain exhibited low and inconsistent conjugation success rates, possibly due to the
fact that E. coli SW105 contains a temperature-sensitive λ-Red recombinase that might
interfere with the integrity of the F-plasmid pRK24. Therefore, the dsRNA expressing E.
coli strain HT115, which does not contain a recombinase, was tested as a donor strain.
However, only small differences in conjugation efficiency were observed. The usage of
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the stable E. coli host strain EPI300, which is recombination deficient, allowed for
very reliable conjugation, suggesting that the reduction of unwanted recombination was
instrumental to maintain the functionality of the modified F-plasmid pRK24.
3.2.3. Conjugation success rate unaffected by antibiotics in growth
medium
Presence of antibiotics contained in the growth media of donor and recipient culture did
not seem to affect the bacterial conjugation when performed on non-selective LB agar
plates. These antibiotics included Ampicillin that inhibits the enzyme transpeptidase
required for formation of bacterial cell walls and Chloramphenicol that inhibits peptidyl
transferase to prevent protein chain elongation. Ma et al. (2014) used the same F-
plasmid pRK24 and performed two washing steps of the donor and recipient cultures,
which were omitted in this protocol, since they would render a high-throughput approach
impractical. Initially, the mixtures of donor and recipient strains were diluted, which did
not affect the outcome of conjugation attempts on solid agar.
In addition to the presence of antibiotics in the growth medium, the probability of donor
and recipient bacteria encountering each other also appear to influence the conjugation
success rate. This hypothesis is supported by the notion that upon transfer of bacterial
conjugation from 6 cm agar plates to 96-well plates the conjugation success rate was
strongly reduced. In the initial attempts many wells did not dry out completely in the
given incubation time in 96-well plates, in contrast to bacterial mixtures on 6 cm plates.
However, up concentration of the donor culture to reduce the total volume of bacterial
mixture, resulted in reliable conjugation rates. This suggests that the likelihood of donor
and recipient strain to encounter each other affected the outcome. Interestingly, addition
of either Ampicillin, Kanamycin, or Chloramphenicol to the solid agar plate prevented
any conjugation, suggesting that non-selective LB agar plates diluted down antibiotic
concentrations, such that they would not affect the conjugation success rate. Thus,
the lower probability of donor and recipient cell encountering each other as well as the
residual antibiotic concentration in the mixture might explain why the initial attempts of
conjugation in liquid medium had failed. In contrast, by performing bacterial conjugation
on non-selective solid agar, the likelihood of donor-recipient interaction is increased,
resulting in enhanced conjugation. Furthermore, omission of washing steps improved the
time efficiency of the protocol.
3.2.4. Double RNAi bacteria able to deplete two genes simultaneously
One aim of developing a reliable and fast double RNAi method is being able to in-
vestigate redundantly or synergistically functioning genes that would be not identified
in single RNAi screens. Takahashi et al. (2002) had shown that RNAi against either
one of proteasome subunits rpn-10 or rpn-12 alone does not affect the survival rate of
C. elegans larvae, whereas the simultaneous depletion of rpn-10 and rpn-12 leads to
synthetic lethality This result could be recapitulated using double RNAi clones of rpn-
12_CON_rpn-10, demonstrating that the donor RNAi plasmid is still functional after
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being transferred to the recipient cell during conjugation.
Removal of the redundantly functioning TIS11 zinc-finger-containing proteins OMA-1
and OMA-2 leads to arrested oocyte maturation (Detwiler et al., 2001). As a conse-
quence, oocytes cannot proceed to the uterus and fill up the gonadal arms of the animal.
The phenotype could be observed in animals subjected to oma-1_CON_oma-2 dou-
ble RNAi, indicating the ability of our newly developed method to identify redundantly
functioning genes that would otherwise be missed in single RNAi screens.
Furthermore, Ciosk et al. (2006) showed that by knockdown of gld-1 and mex-3, germ cells
lose their totipotency and transdifferentiate into somatic cells. It could be demonstrated
that worms on gld-1_CON_mex-3 double RNAi generated by conjugation ectopically
express the pan neuronal reporter rab-3::tRFP in the germ line. Only a small fraction of
gld-1 depleted animals showed ectopic expression of rab-3::tRFP. Combinatorial RNAi
against gld-1 and mex-3 by mixing did not lead to an increase of the phenotype, sug-
gesting that double RNAi clones generated by conjugation are more reliable in causing
the depletion of gld-1 and mex-3 than mixing of the two single RNAi clones.
Thus, double RNAi by conjugation allows to deplete two genes simultaneously and effec-
tively in order to study genetic interactions in C. elegans in vivo.
3.3. Limitations of double RNAi by conjugation
Double RNAi by conjugation subjecting animals to lin-53_CON_lin-15A did not induce
the formation of additional synthetic vulvas during development, as it has been described
for lin-15A (n767) lin-53 (n833) double mutants (Andersen et al., 2006). Subjecting lin-
15A (n767) mutants to lin-53 RNAi this result could be replicated, suggesting that low
levels of LIN-15A are sufficient for normal vulva development. Double RNAi permits
to study genetic interaction by knocking down two genes simultaneously. This in turn
also means that residual levels of the depleted proteins still will be found in the cell,
which can be even larger, depending on the half-life of targeted proteins. Thus, double
RNAi based on conjugation provides reliable knock-downs of two genes simultaneously,
but phenotypes that require combinatorial knock-outs cannot be replicated.
RNAi in general is further known to causing off-target effects (Fedorov et al., 2006;
Jackson, Linsley, 2010) that can lead to artificial side effects of the RNAi machinery. To
exclude that the observed phenotype is not due to an off-target effect, a mutant of the
targeted gene can be used to confirm the result.
Furthermore, double RNAi by conjugation permits to interrogate the function of a gene
only based on the observed phenotypes upon its depletion. There are no equivalents
to gain-of-function or point mutations. The latter can give insight into the structure-
function relationship. In forward genetic screens tissue-specific alleles can be recovered,
whereas RNAi in C. elegans affects the whole worm with the exception of neurons that
are generally refractory to RNAi (Kamath et al., 2001; Timmons et al., 2001; Asikainen
et al., 2005). The usage of hypersensitive strains to circumvent this shortcoming often
negatively affects the physiology of the animal (Asikainen et al., 2005; Calixto et al.,
2010; Firnhaber, Hammerlund, 2013; Sieburth et al., 2005).
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The interpretation of synthetic phenotypes is more difficult on RNAi since gene activity is
reduced but not removed (Kamath, Ahringer, 2003). Whether two genes act in the same
or in different pathways, can generally be determined by performing classical epistasis
experiments (Avery, Wasserman, 1992; ?), which is difficult using RNAi. The phenotypic
penetrance in RNAi experiments varies from experiment to experiment, since RNAi is
administered by feeding, which does not allow to control the applied dosage per worm.
This in turn makes it more difficult to determine whether two genes act in the same
pathway, in parallel pathways, or synergistically. Additionally, RNAi clones containing
the same plasmid can differ in their efficiency, probably due to variations in their plasmid
copy number.
Thus, double RNAi permits to study the effects of a knock down of the expression
of targeted genes upon systemic depletion. However, residual levels of the respective
proteins can still be found in the cell, potential off-target effects have to be accounted
for, and neurons are generally refractory to RNAi. Furthermore, the ability to infer how
two genes interact from data generated by double RNAi is limited. Nevertheless, one big
advantage of RNAi is that it allows to investigate essential genes, which otherwise cause
lethality when completely removed.
Figure 3.1.: Modes of genetic interactions (A) Knockdown of either gene A and B
cause varying phenotypic penetrance. (B) Gene A and B act in the same pathway if the
phenotypic penetrance is equal to either gene A or gene B. If they act in parallel pathways,
the phenotypic penetrance is the sum of the knockdown of both genes combined. If upon
double knockdown of gene A and B the phenotypic penetrance is larger than the sum of
both, it is assumed they act synergistically.
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3.4. Double RNAi permits to study genetic interactions of
essential genes in large-scale screens
Double RNAi by conjugation allows to perform a large-scale high-throughput screen to
identify genetic interactions of essential genes that are required during development and
whose knockout is lethal. Mutants of such genes are either not available or they have to
be balanced, for example lin-53 (n3368), and are therefore unsuitable for genetic screens.
lin-53 (RNAi) animals overexpressing unc-30 show a 20% penetrance of ectopically
expressed unc-25::gfp in the germ line. In order to identify genetic enhancers, a lin-53
(RNAi) donor strain was generated to obtain double RNAi bacterial clones by conju-
gation. The alternative of mixing lin-53 RNAi bacteria with other RNAi containing
bacteria tends to yield poor results (Min et al., 2010). In contrast to randomly mutate
every gene in the genome, double RNAi by conjugation allowed to study the interaction of
lin-53, which is part of the PRC2 complex and involved in chromatin regulation, with 800
chromatin-related genes. The focus on a pre-defined subset of genes further increases the
likelihood of identifying weak phenotypes that might be overlooked in a whole-genome
approach, in which strong phenotypes tend to dominate. By using CRISPR/Cas (Jinek
et al., 2012) genes can be specifically targeted and new and improved approaches allow
the generation of double mutants more easily in C. elegans (Norris et al., 2017). However,
they are cumbersome and can thus only be applied on a small set of candidate genes,
whereas double RNAi by conjugation is suitable for large-scale screens. Furthermore,
double RNAi permits to deplete genes transiently at defined time points of development,
which is crucial for the study of essential genes, in contrast to gene deletion, which is
permanent.
Double RNAi clones containing a lin-53 RNAi plasmid as well as one of in total 800
chromatin-related RNAi plasmids could be generated by conjugation in 96-well format
in a high-throughput approach and could be used within two days. In contrast to clas-
sical genetics, gene sequence of positive screen hits in forward screens is known and
does not require the laborious and time-consuming process of mutant allele identification
(Doitsidou et al., 2010). Additionally, the donor RNAi plasmid can be easily modified
to contain the target sequences of two genes to further explore their genetic interaction
network and gain insight into the phenotype causing mechanism.
Thus, by reliably and effectively depleting two targeted genes simultaneously and at de-
fined time points during development, double RNAi by conjugation enables studying the
genetic interaction of a gene of interest with a pre-defined set of candidate genes and can
be performed at large-scale in a high-throughput approach. This allows bypassing the
time-consuming process of mutant-allele identification and, more importantly, allows the
investigation of essential genes.
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3.5. Simultaneous knockdown of lin-53 and rbbp-5
increases unc-25::gfp induction efficiency
LIN-53 had been previously identified as a barrier for germ cell conversion (Tursun et al.,
2011).To identify potential enhancers of the lin-53 RNAi-mediated cell conversion phe-
notype, lin-53 was co-depleted one by one with 800 chromatin related genes using double
RNAi by conjugation. Co-knockdown of lin-53 together with rbbp-5 while overexpressing
the GABAergic fate inducing transcription factor UNC-30 led to ectopically expressed
unc-25::gfp in the germ line (GeCo) in 36% of the animals (P ≤ 0.0001, Dunnett’s mul-
tiple comparisons test). In contrast, worms subjected to single RNAi against either
rbbp-5 or lin-53 showed a phenotype penetrance of 24% and 19.6% GeCo, respectively
(P ≤ 0.01 and P ≤ 0.0001, Dunnett’s multiple comparisons test). Interestingly, the
unc-25::gfp induction efficiency was not significantly increased in worms on lin-53_mix
_rbbp-5 RNAi at around 14% when compared to ctrl RNAi (p ≤ 0.05, Dunnett’s multi-
ple comparisons test), showing that by using double RNAi by mixing the enhancement
of the lin-53 RNAi mediated phenotype might not have been detected. Double RNAi
by conjugation thus allowed co-knockdown of the known reprogramming barrier lin-53
with 800 chromatin-related genes and identification of RBBP-5 as a novel barrier factor.
In contrast, combinatorial RNAi by mixing against lin-53 and rbbp-5 did not lead to an
increased unc-25::gfp induction efficiency, suggesting that double RNAi clones generated
through conjugation cause a more reliable double knock down than combinatorial RNAi
achieved by mixing and are therefore better suited for large-scale double RNAi screens
to investigate genetic interactions.
3.5.1. Converted germ cells start to express Rab3a-interacting protein
(RIM)
The overexpression of unc-30 while depleting either lin-53, rbbp-5, or both genes simul-
taneously permitted the induction of the GABA reporter unc-25::gfp in the germ line.
Germ cells positive for the GABA reporter, however, neither express the pan-neuronal re-
porter rab-3::gfp nor show the formation of axo-dendritic extensions typical for neurons.
In contrast, these characteristics were observed in animals subjected to lin-53 RNAi in
gcy-5::gfp positive germ cells after overexpression of ASE neuron TF CHE-1. This sug-
gests that unc-25::gfp positive cells do not convert to the same quality as gcy-5::pfp pos-
itive germ cells. To further assess the degree of germ cell to neuron conversion, antibody
staining was performed on animals subjected to lin-53, rbbp-5, or lin-53_CON_rbbp-5
RNAi showing ectopic unc-25::gfp expression in the germ line. It could be demonstrated
that Rab3a-interacting protein (RIM), which is found in active zones of neural synapses,
is co-localized with unc-25::gfp in all three conditions, suggesting that the converted cells
start to form synapses. Further characterization of the observed phenotype would require
the usage of additional reporter strains, such as unc-47::RFP (transmembrane vesicular
GABA transporter) or ttr-39::mCherry (TransThyretin-Related family domain; enriched
in GABAergic neurons), as well as smFISH probes to detect neuron-relevant mRNA se-
quences in unc-25::gfp positive cells.
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The absence of axo-dendritic formation shows that the co-knockdown of lin-53 and rbbp-
5 increases the unc-25::gfp induction efficiency, but does not influence the degree of
conversion from germ cell to GABAergic neuron, suggesting that further barrier factors
have to be identified and depleted to improve the extent of conversion. This underlines
the utility of the newly developed system to study genetic interactions in large-scale
high-throughput approaches.
3.5.2. lin-53 does not interact with the Set1/MLL methyltransferase
complex
rbbp-5 encodes a WD40 repeat containing protein that is the C. elegans homolog of
mammalian RbBP5 (Retinoblastoma binding protein 5) and a part of the Set1/MLL
methyltransferase complex (Li, Kelly, 2011). Double RNAi clones of lin-53 combined
with members of the Set1/MLL methyltransferase complex were generated by conju-
gation. Co-knockdown of lin-53 with Set1/MLL methyltransferase complex members
other than rbbp-5 did not result in increased unc-25::gfp induction in the germ line when
compared to lin-53_CON _Rluc (P ≤ 0.05, Dunnett’s multiple comparisons test), sug-
gesting that lin-53 does not genetically interact as a barrier factor with the Set1/MLL
methyltransferase complex.
Single RNAi against a subset of Set1/MLL methyltransferase complex members showed
that knockdown of wdr-5.1 allowed significant increase in the induction of GABAergic
fate reporter unc-25 (P ≤ 0.01, Dunnett’s multiple comparisons test), whereas depletion
of dpy-30 or set-2 did not when compared to ctrl (P ≤ 0.05, Dunnett’s multiple com-
parisons test). RNAi. Li, Kelly (2011) demonstrated that RNAi against set-2, wdr-5.1,
or rbbp-5, but not dpy-30, led to a reduction of 90% of H3K4me3 in the most distal part
of the gonadal arm in adult animals and about 50% in the meiotic zone. H3K4me2 is
only affected upon depletion of rbbp-5 and wdr-5.1, but not set-2 or dpy-30, indicat-
ing that H3K4me2 and H3K4me3 may require different histone methyl transferases that
rely on the same core complex containing at least RBBP-5 and WDR-5.1 (Li, Kelly,
2011). Hörmanseder et al. (2017) demonstrated that H3K4me3 is a major epigenetic
roadblock that limits transcriptional reprogramming and efficient nuclear transfer. How-
ever, neither single RNAi against set-2 nor lin-53_CON_set-2 permitted the induction
of ectopic unc-25::gfp expression, suggesting that H3K4 methylation is not the main
reprogramming barrier to UNC-30 induced conversion of germ cells.
Thus, the enhancement observed upon simultaneous knockdown of lin-53 together with
rbbp-5 cannot be explained by a reduction of H3K4 methylation levels. In addition,
double RNAi by conjugation revealed that lin-53 does not genetically interact with the
Set1/MLL methyltransferase complex as a reprogramming barrier.
3.5.3. lin-53 and rbbp-5 do not have common genetic interaction partners
Co-knockdown of lin-53 and rbbp-5 increases the unc-25::gfp induction efficiency in the
germ line upon simultaneous overexpression of unc-30. The next aim was to identify
shared genetic interaction partners of lin-53 and rbbp-5. The double RNAi by conjuga-
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tion protocol was modified to achieve a triple depletion and thereby gain insight into the
mechanism of how lin-53 and rbbp-5 protect the germ cell fate.
A donor RNAi plasmid was generated that contained target sequences of lin-53 and
rbbp-5. The newly generated donor was conjugated with previously known interaction
partners of either lin-53 or rbbp-5. No triple knock down resulted in an enhancement of
unc-25::gfp induction efficiency in the germ line when compared to rbbp-5::lin-53_CON
_Rluc, suggesting that lin-53 and rbbp-5 do not have common genetic interactors in
their function as barrier factors.
Thus, although the simultaneous depletion of lin-53::rbbp-5 with members of the HAT,
CAF-1, Sin3, PRC2, NURF, Mi-2/NURD, or the DRM complexes did not increase the
GABA reporter induction efficiency, it demonstrated the versatility of the newly devel-
oped double (or triple) RNAi by conjugation method that allows the investigation of
genetic interactions in large-scale high-throughput screens.
3.5.4. lin-53 and rbbp-5 act in parallel pathways
Combinatorial RNAi against lin-53 and rbbp-5 increases the phenotype penetrance when
compared to the single knockdown of either lin-53 or rbbp-5. This raises the question
whether lin-53 and rbbp-5 act in the same or in parallel pathways, or whether a double
knockdown of lin-53 and rbbp-5 has a synergistic effect. Animals on lin-53_CON_rbbp-
5 RNA display a phenotype penetrance of 36.4% compared to 19% on lin-53 RNAi and
24% on rbbp-5 RNAi alone. Thus, the phenotype penetrance observed on combinatorial
RNAi of lin-53 and rbbp-5 does not exceed the additive expectation of RNAi against
either lin-53 or rbbp-5, indicating that lin-53 and rbbp-5 do not interact synergistically.
Co-knockdown of lin-53 and rbbp-5 increases the phenotype compared to RNAi against
either lin-53 or rbbp-5, indicating that lin-53 and rbbp-5 are not part of the same genetic
pathway. Instead, lin-53_CON_rbbp-5 (RNAi) animals show a phenotype penetrance
that only slightly deviates from the additive expectation of combined single RNAi effects,
suggesting that lin-53 and rbbp-5 do not genetically interact, but are part of parallel cell-
fate protecting pathways. In addition, triple depletion of lin-53 and rbbp-5 together with
known genetic interactors of either lin-53 or rbbp-5 did not result in the enhancement of
gcy-5::gfp induction efficiency in the germ line. Thus, based on single RNAi against lin-53
and rbbp-5 individually, double RNAi against lin-53_CON_rbbp-5, and the absence of
enhancers of lin-53::rbbp-5 conjugated with known interactors of either lin-53 or rbbp-5,
it can be suggested that lin-53 and rbbp-5 act in parallel pathways.
Figure 3.2.: lin-53 and rbbp-5 appear to act in par-
allel pathways as reprogramming barriers. RNAi
experiments knocking down either lin-53 or rbbp-5 by
themselves compared to combinatorial RNAi by conju-
gation against both, taken together with the apparent ab-
sence of shared genetic interactors, suggest that lin-53 and
rbbp-5 act in parallel pathways as barriers to transdiffer-
entiation.
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3.5.5. Low hit rate of RNAi enhancer screen potentially due to focus on
chromatin-related genes
lin-53 was co-depleted together with almost 800 chromatin-related genes to identify ge-
netic interactors. Candidates from the primary screen were re-tested and compared to
lin-53_CON_Rluc RNAi. Animals on lin-53_CON_rbbp-5 RNAi showed significantly
increased unc-25::gfp induction efficiency (Tukey’s multiple comparisons test, p ≤ 0.05),
raising the question why there was only one candidate from the screen.
Due to the absence of an integrated line expressing unc-30 under a heat shock promoter,
an extrachromosomal line was used with a germ line transmission rate of about 50%. The
induced expression of unc-25::gfp upon knockdown of lin-53 and overexpression of unc-30
can only be observed in the progeny of parental animals that were subjected to RNAi.
Since only a subset of F1 animals would carry the transgenic array, weaker phenotypes
might have been missed in the primary screen. Furthermore, on control RNAi 10 - 20%
of animals showed germ line induction of the reporter unc-25::gfp upon overexpression of
unc-30. Due to this high background, phenotypes with low penetrance might have been
not detected.
From the enhancer screen for LIN-53 as a reprogramming barrier factor of germ line
cells, one gene was detected out of 800 in total, resulting in a hit rate of 0.125%. In
a previous whole-genome-screen overexpressing the ASE neuron TF CHE-1, which was
performed in our lab (Ena Kolundzic, in revision), 160 new barrier factors out of 20,0000
were identified, that is, 0.8% of all tested genes were established as cell-fate protecting
factors for germ cells. On the one hand, a focus on a pre-defined subset of genes increases
the probability of identifying weak phenotypes that might otherwise be overlooked in a
whole-genome screen, in which strong phenotypes dominate. On the other hand, limiting
the screen to only 800 chromatin-related genes creates a bias that might have resulted
in fewer candidate enhancers of LIN-53 as a reprogramming barrier, suggesting that by
expanding the set of tested genes without pre-selection, more novel barrier factors might
have been identified.
3.6. MRG-1 is a barrier factor to UNC-30 induced direct
reprogramming
Originally, MRG-1 was identified as a reprogramming barrier in an automated screen
using hsp::che-1, gcy-5::gfp transgenic background (Hajduskova et al., submitted for
publication). By overexpressing unc-30 under a heat shock promoter in animals on
mrg-1 RNAi, unc-25::gfp expression could be observed in the germ line, suggesting that
MRG-1 has a general function safeguarding the cell fate. Thus, its knockdown permits
the induction of varies new cell fates.
Using a commercial antibody, it was demonstrated that MRG-1 is localized in head
neurons, the gut, and mainly the germ line, but interestingly, MRG-1 only partially
co-localizes with LIN-53. The germ cell conversion observed in mrg-1 (RNAi) animals
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resembles that of PRC2 subunits, such as MES-4 or LIN-53 (Patel et al., 2012; Gay-
dos et al., 2012). However, co-knockdown of mrg-1 and other PRC2 complex members,
such as mes-2, mes-3, and mes-6, showed no obvious increase of gcy-5::gfp induction
efficiency in the germ line when compared to single RNAi (Hajduskova et al., submitted
for publication). The observation that MRG-1 and LIN-53 proteins only partially co-
localize and the absence of synergism in germ cell conversion could indicate that mrg-1
has PRC2-independent roles in protecting germ cells. Furthermore, mrg-1 knockdown
permits reprogramming without Notch signaling (Hajduskova et al., submitted for pub-
lication) in contrast to PRC2-mediated reprogramming (Seelk et al., 2016). The gld-1
gld-2 double mutations combined with the mutant Notch receptor gene glp-1 allows
germ cell proliferation in the absence of Notch signaling (Kadyk, Kimble, 1998; Hansen
et al., 2004; Seelk et al., 2016). In the gld-1 gld-2 glp-1 triple mutant background deple-
tion of PRC2 members is insufficient to permit germ cell reprogramming (Seelk et al.,
2016), in contrast to knock down of mrg-1 (Hajduskova et al. submitted for publication).
Additionally, depletion of PRC2 members causes global loss of PRC2-mediated H3K27
methylation (Patel et al., 2012), which could not be observed in mrg-1 (RNAi) animals.
Global levels of H3K4 methylation are not affected in mrg-1 depleted animals, which is in
contrast to what has been observed upon knockdown of rbbp-5 (Li, Kelly, 2011). Based
on the distinctive effects of histone modification and the independence of Notch-signaling
it has to be concluded that mrg-1 does not genetically interact with the PRC2 complex to
counteract germ cell reprogramming. Although overall H3K36 levels are not affected by
knockdown of mrg-1, it is possible that the genomic distribution of H3K36 methylation
is altered upon mrg-1 RNAi, which in turn could affect gene repression. Interestingly,
levels of H3K14ac are increased in mrg-1 (RNAi) animals, which have been implicated
as a DNA damage checkpoint in yeast and mouse (Wang et al., 2012). Recent find-
ings indicated that MRG-1 and its ortholog MRG15 are involved in homologous pairing
and chromosomal break repair (Hayakawa et al., 2010; Dombecki et al., 2011; Garcia,
Olivia, 2008). Thus, it is possible that a reduction of MRG-1 levels lead to increased
DNA damage. Decreased levels of H3K14ac might in turn lead to a reduced efficiency
of H3K9 methylation, as it has been suggested previously (Alvarez, 2011), which causes
a redistribution or lowering of repressive chromatin marks in the germ line. The exact
mechanism of how MRG-1 levels affect histone modifications remain to be determined,
but possibly MRG-1 associates with chromatin regulating complexes. The ortholog of
MRG-1, MRG15, has been reported as being a component of the NuA4/Tip60 histone
acetyltransferase (HAT) or mSin3A histone deacetylase (HDAC) complex (Chen et al.,
2009; Yochum, Ayer, 2002; Doyon et al., 2004). In this regard it could be shown that
MRG-1 interacts with the C. elegans homolog of yeast NuA4 subunit Eaf7 (ZK1127.3,
Li, 2004), SIN-3, the ortholog of the Sin3 HDAC subunit, and the ortholog of human
O-GlcNAc transferase (OGT) (Hajduskova et al., submitted for publication). Sin3 and
OGT interact in mammalian cells and are thereby recruited to promoters of repressed
genes (Yang et al., 2002). MRG-1 might therefore form a complex with OGT-containing
Sin3 HDAC. Contrary to this reasoning, it has to be considered that OGT-1 was origi-
nally identified as repressive chromatin regulator belonging to the Polycomb group (PcG)
class (Ingham, 1984), whereas it has also been suggested that OGT-1 can be part of his-
69
tone acetyl transferase complexes (Hoe, Nicholas, 2014). One of the strongest identified
interactors of MRG-1 was the H3K9 methyltransferase SET26 (Hajduskova et al. sub-
mitted for publication, Greer et al. (2014)). Developmental defects are seen in animals
lacking NuRD and MEC complex subunit LET-418 (Mi2) (Greer et al., 2014; Erdelyi
et al., 2017). Interestingly, the effect of mrg-1 RNAi is increased in the set-26 mutant
background, whereas the ogt-1 knockout leads only to slight reprogramming enhancement
and sin-3 mutants showed no increased conversion efficiency in germ cells (Hajduskova et
al., submitted for publication). This suggests that the association of MRG-1 with OGT-
1 and SET-26 counteracts germ cell reprogramming. However, the exact mechanism of
how MRG-1 prevents reprogramming has yet to be determined.
3.7. Depletion of HSP-1 is insufficient for UNC-30 to induce
unc-25::gfp in the epidermis
HSP-1 was identified in a similar manner as MRG-1 in an automated screen as a barrier
for inducing ectopic expression of reporter genes in the epidermis upon overexpression
of TFs CHE-1 or ELT-7. Epidermal reporters were shown to be lost while neuron or in-
testine gene expression was observed. However, cells positive for the respective reporter
did not change morphologically into neuron or gut cells, indicating that additional bar-
riers for complete cell conversion exist. Interestingly, overexpression of unc-30 was not
sufficient to induce the expression of GABA specific neuronal reporters in hsp-1 (RNAi)
animals (Hajduskova et al. submitted for publication). The fact that hypodermal cells
are not undergoing a morphological transformation indicates that additional factors are
required, as suggested by several reprogramming studies in different contexts and species
(Onder et al., 2012; Wapinski et al., 2013; Brumbaugh, Hochedlinger, 2013; Luo et al.,
2013; Gifford, Meissner, 2012).
ogt-1 was identified as a genetic interactor of hsp-1 first in mixed double RNAi ex-
periments when overexpressing che-1, which could be confirmed by using an ogt-1 null
(ok430) mutant (Hajduskova et al. submitted for publication). The ogt-1 mutant does
not show a phenotype. Overexpression of elt-7 in an ogt-1 mutant background on hsp-1
RNAi significantly increases the induction of gut reporter in epidermis compared to WT
background.
In C. elegans OGT-1 has been linked to insulin signaling pathways and lifespan regu-
lation, whereas the human ortholog of OGT-1, O-GlcNAc transferase OGT, is involved
in temperature and nutrient sensing (Hanover et al., 2005; Mondoux et al., 2011; Love
et al., 2010; Radermacher et al., 2014). As previously mentioned, the Drosophila ho-
molog of OGT-1 was originally described as a repressive chromatin regulator and being
a member of the Polycomb group (PcG) class protein (Ingham, 1984). OGT-1, how-
ever, can also be part of histone acetyltransferase-containing protein complex termed
NSL (Hoe, Nicholas (2014), as reviewed by Gambetta, Müller (2015)). Evidently, two
members of the NSL complex, SUMV-1 and SUMV-2, are suggested to be involved in
gene suppression in germ line and epidermis (Yücel et al., 2014; Cui et al., 2006). This
led to the question of whether hsp-1 interacts with the NSL complex. Combinatorial
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RNAi was performed by generating RNAi plasmids containing two target sequences of
distinct genes. Co-knockdown of hsp-1 together with NSL complex members while either
overexpressing che-1 or elt-7 led to significantly increased reporter induction efficiency,
suggesting that hsp-1 is either directly or indirectly involved in chromatin regulation.
Interestingly, co-knockdown of hsp-1 and hat-1 decreased the hsp-1 RNAi mediated ef-
fect, indicating that hat-1 is required for ectopic cell fate induction in the epidermis.
The observation that hsp-1 knockdown leads to decreased levels of H4Kac supports this
notion. However, suppression of H4K5,8,12, and 16 acetylation levels is insufficient to
explain permissiveness of epidermal cells to ectopic cell fate induction, as H4Kac level
are also decreased in animals on RNAi of NSL complex members smuv-1, mys-2, and
ogt-1. Single RNAi against either one did not permit ectopic cell fate induction (Haj-
duskova et al., submitted for publication). Thus, further investigation will be required
to elucidate the exact mechanism, by which hsp-1 counteracts the induction of ectopic
cell fates. Double RNAi by conjugation is perfectly suited to perform large scale screen
to identify more genetic interactors of hsp-1.
3.8. Transcription factor specificity of barrier factors HSP-1
and MRG-1
As mentioned before, a previous screen in our lab showed that RNAi against mrg-1
permits the induction of gcy-5::gfp upon overexpression of che-1 (Hajduskova et al, in
revision), which could be recapitulated by overexpressing unc-30 to induce ectopic ex-
pression of unc-25::gfp in the germ line. HSP-1 was also identified as a barrier factor
against ectopic fate reporter induction in the epidermis, using a hsp::che-1 or hsp::elt-7
transgenic background (Hajduskova et al. submitted for publication), which could not be
confirmed overexpressing unc-30. This could suggest that barrier factors are specific to
certain transcription factors (TF), such as HSP-1 to the TF CHE-1 and ELT-7. It is an
open question whether barrier factors are indeed general or specific to certain TFs. Cell
fate protecting mechanisms could be universal for a given tissue. Thus, their depletion
would permit the induction of any new cell fate. Alternatively, barrier factors could be
specific to the induced cell fate. One thing to consider is the lineage relation of the starter
cell to the target fate, in this example neurons, assuming that developmentally closely re-
lated cells may be easiest to be converted into each other, as depicted in the Waddington
model (Masserdotti et al., 2016). Astrocytes that share a common origin with neurons
(Kriegstein, Arturo, 2009) are efficiently converted into functional neurons by overex-
pression of one TF (Berninger et al., 2007; Heinrich et al., 2010; Heins et al., 2002), while
mouse embryonic fibroblasts that are of non-ectodermal origin or hepatocytes require
more than one factor (Marro et al., 2011; Vierbuchen et al., 2010) or additional chemical
manipulation (Hu et al., 2015; Ladewig et al., 2012; Li et al., 2015; Liu et al., 2013;
Zhang et al., 2015) for efficient direct reprogramming into neurons. However, CHE-1
and UNC-30 are both neuronal fate inducing TF, and elt-7 overexpression led to the
induction of intestine specific reporter in animals on hsp-1 RNAi, suggesting that the
lineage relation was not the decisive factor. One approach to increase the efficiency of
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induced direct reprogramming of distinct tissues into GABAergic motor neurons would
be the simultaneous overexpression of unc-30 together with a proneural gene, such as
cnd-1 that encodes for a helix-loop-helix protein closely related to the vertebrate Neu-
roD transcription factor (Hallam et al., 2000), or hlh-14, which also encodes for a basic
helix-loop-helix protein that is required for neuronal development in C. elegans (Frank
et al., 2003).
Alternatively, the depletion of additional barrier factors might be required to enhance
the efficiency of UNC-30 induced reprogramming. Comparison of phenotype in mrg-1
(RNAi) animals overexpressing che-1 shows that in addition to gcy-5::gfp expression,
germ cells also change their morphology and the formation of neurite-like extensions has
been observed (Hajduskova et al., in revision). In contrast, the morphology of epidermal
cells did not change upon che-1 overexpression in HSP-1 depleted animals (Hajduskova
et al., unpublished). Furthermore, different starter tissues might be amenable to direct
reprogramming to varying degrees. Our lab has performed a whole-genome RNAi screen
using hsp::che-1 transgenic lines (Ena Kolunzdic, in revision). Most of the phenotypes
were observed in the germ line followed by the intestine, whereas other tissues, such as
muscle and epidermis showed, less often ectopically expressed gcy-5::gfp (Ena Kolundzic,
in revision), suggesting that the germ line is less restricted towards transdifferentiation
and, by extension, more amenable to induced morphological transformation.
Additionally, it is possible that mrg-1 is part of a feed-forward-loop, in which mrg-1
upregulates other barrier factors. These secondary barrier factors are also knocked down
upon RNAi against mrg-1, but can still partially repress reprogramming, thereby ex-
plaining why only a small subset of animals on mrg-1 RNAi shows reporter induction
in the germ line. hps-1 on the other hand might not positively regulate other barrier
factors, specifically those preventing the induction of morphological changes, and while
the conversion efficiency could be increased by combinatorial RNAi by ′stitching′ against
hsp-1 and members of the NSL complex, neurite-like formations were not observed in the
epidermis. Thus, a large-scale high-throughput enhancer screen for hsp-1 would be re-
quired to investigate the epidermis fate protective mechanisms of HSP-1 with the aim to
achieve full conversion of epidermal cells. A null mutation of hsp-1 is lethal and previous
methods of performing double RNAi, either by generating double RNAi plasmids or by
mixing different RNAi plasmid expressing bacteria together, were not suitable to address
this question. Double RNAi by conjugation now allows to perform whole-genome screens
to identify hsp-1 phenotype enhancers and thus is a valuable addition to the method-
ological arsenal used to decipher cell-fate protective mechanisms and thereby add to our
ability to directly convert fully differentiated cells.
3.9. Outlook - testing results from iPSC studies in C.
elegans in vivo
It could be demonstrated that the newly developed method of double RNAi by con-
jugation allows to combine two different RNAi plasmids in a single bacterial cell in a
high-throughput approach, knocking down two target genes simultaneously and thereby
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allowing to identify that depletion of RBBP-5 enhances the reprogramming efficiency in
lin-53 (RNAi) animals.
Since the initial in vitro studies of converting fibroblast into muscle cells (Davis et al.,
1987) direct reprogramming has been very promising approach to develop new medical
applications to replace dead non-regenerative tissue, such as neurons. Cell fate inducing
transcription factors have been instrumental to convert differentiated cells in vitro and in
vivo (reviewed in Gascón et al. (2016), but these attempts of transdifferentiation are of-
ten either inefficient or even ineffective. It is therefore imperative to identify the cell-fate
protective mechanisms to enable the targeted and controlled conversion of differentiated
cells.
With the original protocol Takahashi, Yamanaka (2006) could convert 1% of transfected
cells into iPSCs. Qin et al. (2014) identified reprogramming barriers in distinct pathways,
thereby demonstrating that the cell fate is protected by numerous mechanisms that also
interact with each other in feed-forward loops. Toh et al. (2016) showed that by depleting
five genes simultaneously, the conversion efficiency could be increased by several fold up
to 80%. Both of these studies have demonstrated the importance of investigating genetic
interactions to improve reprogramming efficiency and effectiveness.
Previous methods of performing double RNAi in C. elegans either suffered from very high
false-negative results (double RNAi by mixing) or were not suitable for large-scale high-
throughput screens (double RNAi by ′stitching′). To study genetic interactions Lehner
et al. (2006) used a set of mutants that were combined with RNAi to test in total 65,000
gene pairs to investigate signaling pathways that are mutated in human diseases. Ceron
et al. (2007) used a similar approach to identify synthetic interactors of the Rb-related
gene lin-35. Both studies required the availability of mutants for the gene of interest.
Double RNAi by conjugation now allows to study genetic interactions of essential genes.
By creating a donor RNAi strain, the target gene can be combined with RNAi against a
pre-defined set of genes and genetic interactions can be studied at a large scale and in a
high-throughput manner.
The transient repression of the p53-p21 pathway greatly increases iPSC reprogramming
efficiency (Rasmussen et al., 2014). Knock down of p53 in vivo also improved the con-
version rate of MEFs into functional dopaminergic neurons (Jiang et al., 2015; Liu et al.,
2014), which suggests that there are common barriers of iPSC generation and direct
reprogramming. Perhaps other roadblocks identified in vitro, such as members of the
ubiquitin-proteaosome (e. g. Fbxw7; (Buckley et al., 2012)) or metalloproteases (e. g.
members of the ADAM family; (Qin et al., 2014)) could also be common barrier fac-
tors to in vivo direct reprogramming. Double RNAi by conjugation allows to integrate
data from iPSC generation into the in vivo model system C. elegans to advance and
complete our understanding of cell-fate protective mechanisms in order to enhance direct
reprogramming efficiency and effectiveness and make it applicable as medical treatment.
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4. Material and Methods
4.1. Material
4.1.1. Antibiotics
Table 4.1.: Used antibiotics
Name of antibiotic Stock concentra-
tion
Company
Ampicillin 100 mg/ml Carl Roth GmbH + Co. KG
Carbenicillin 50 mg/ml Carl Roth GmbH + Co. KG
Chloramphenicol 20 mg/ml Carl Roth GmbH + Co. KG
Tetracycline 12.5 mg/ml Carl Roth GmbH + Co. KG
4.1.2. Antibiodies
Table 4.2.: Used antibodies
Name target Mono-
/Polyclonal;
Species
Company
Primary Antibodies
PA8 Anti-trimethyl-Histone H3K27) poly; rabbit Millipore
PA9 Anti H3K27me3 mono; mouse Dr. Hiroshi Kimura;
Graduate School of Fron-
tier Biosciences Osaka
University
PA10 anti H3K36me2 mono; mouse Dr. Hiroshi Kimura;
Graduate School of Fron-
tier Biosciences Osaka
University
PA24 anti-H3K9me3 poly; rabbit Abcam
PA47 Anti-Histone H3K4me3 ab8580 poly; rabbit Abcam
PA48 Anti-Histone H3 (acetyl K9)
ab4441
poly; rabbit Abcam
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PA49 Anti-Histone H3 (acetyl K14)
ab52946
mono; rabbit Abcam
PA54 Anti-lin-53 C-term Tier 1 mono; guinea pig Pineda
PA82 Anti-RIM mono; mouse Hybridoma Bank
PA105 Anti-H3K27me3 antibody (ab6002) mouse mono Abcam
PA114 Anti-H4K5,8,12,16ac poly; rabbit Diagnode
PA122 Anti-MRG-1 poly; rabbit Novus bio
Secondary Antibodies
SA2 IgG-HRP anti-mouse Santa Cruz
SA4 IgG-HRP anti-rabbit Santa Cruz
SA7 AlexaFluor488 Goat Anti-Mouse Mol. Probes
SA8 AlexaFluor488 Goat Anti-Rabbit Mol. Probes
SA9 AlexaFluor568 Goat Anti-Rabbit Mol. Probes
SA10 AlexaFluor568 Goat Anti-Mouse Mol. Probes
SA11 AlexaFluor488 Goat Anti-Guinea pig Mol. Probes
SA12 AlexaFluor568 Goat Anti-Guinea pig Mol. Probes
4.1.3. Buffers, solutions, and media
Table 4.3.: Used buffers, solutions and media and their composition.
Name Composition
APS (10 %) 1 g APS in 10 ml ddH2O
Bleaching solution for 1 ml: 100 Âţl 14 % NaCl, 200 Âţl 4M NaOH, 700 Âţl
ddH2O
Blocking solution 1x PBS, 0.25 % Triton X-100, 0.2 % Gelatine, 0.04 % NaN3,
ddH2O
BO3 buffer 50 mL 0.5 ml 1M H3BO3, 125 Âţl 4 N NaOH, 4 ml 25 % Triton X-100,
ddH2O
Freezing solution (1 L) 5.8 g NaCl, 50 ml 1 M KH2PO4 (pH 6), 240 ml glycerol,
ddH2O; before usage: add 0.3 ml 1 M MgSO4
2x Gibson Assembly Mas-
ter Mix
405 Îĳl isothermal start mix, 25Îĳl 1 M DTT, 50 Îĳl 10 mM
dNTPs, 50 Îĳl NAD+ (NEB #M0363S âĂŞ 10 U/Îĳl), 31.25
Îĳl Phusion High Fidelity DNA Polymerase (NEB #M0530S)
âĂŞ 2 U/Îĳl), 437.75 Îĳl ddH2O
Glycerol (50%) 50 ml glycerol (100%), 50 ml ddH2O
Lysis buffer 50 mM KCl, 10 mM Tris (pH 8.3), 2.5 mM MgCl2, 0.45%
Tween-20, 0.01% Gelatin before usage: add 0.1 mg/ml of pro-
teinase K
LB (Luria Bertani), (fluid
medium) (1L), pH 7
25 g LB broth (Carl Roth GmbH + Co. KG), ddH2O
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LBAmp medium (1 L) 25 g LB broth (Carl Roth GmbH + Co. KG), ddH2O, Ampi-
cillin (100 µg/ml final concentration)
LBAmp plates (1 L) 25 g LB broth (Carl Roth GmbH + Co. KG), 15 g Agar (Carl
Roth GmbH + Co. KG), ddH2O, Ampicillin (100 µg/ml final
concentration)
LBAmp+Tet plates (1 L) 25 g LB broth (Carl Roth GmbH + Co. KG), 15 g Agar (Carl
Roth GmbH + Co. KG), ddH42O, Ampicillin (100 µg/ml final
concentration), Tetracycline (12.5 µg/ml final concentration)
LBAmp+Tet+Cam plates 25 g LB broth (Carl Roth GmbH + Co. KG), 15 g Agar (Carl
Roth GmbH + Co. KG), ddH2O, Ampicillin (100 µg/ml final
concentration)
LBAmp+Tet plates (1 L) 25 g LB broth (Carl Roth GmbH + Co. KG), 15 g Agar (Carl
Roth GmbH + Co. KG), ddH42O, Ampicillin (100 µg/ml final
concentration), Tetracycline (12.5 µg/ml final concentration),
Chloramphenicol (20 µg/mL final concentration)
LBCam plates 25 g LB broth (Carl Roth GmbH + Co. KG), 15 g Agar
(Carl Roth GmbH + Co. KG), ddH42O, Chloramphenicol (20
µg/mL final concentration)
M9 buffer (1 L) 6.0 g Na2HPO4, 3 g KH2PO4, 5 g NaCl , 50 mg Gelatine,
ddH2O; before usage: add 1 ml 1 M MgSO4
NGM (1 L) 3 g NaCl, 20 g Agar (Carl Roth GmbH + Co. KG), 2,5 g
Peptone (Becton, Dickinson and Company), ddH2O, after au-
toclaving add: 1 ml Cholesterol (5 mg/ml in 95% EtOH stock
solution), 1 ml 1 M MgSO4, 1 ml 1 M CaCl2, 25 ml 1 M
K2PO4, 1 ml fungizone (Amphotericin B 2.5 mg/ml stock)
NGM for RNAi (1 L) 3 g NaCl, 20 g Agar (Carl Roth GmbH + Co. KG), 2,5 g
Peptone (Becton, Dickinson and Company), ddH2O after au-
toclaving add: 1 ml Cholesterol (5 mg/ml in 95% EtOH), 1
ml 1 M MgSO4, 1 ml 1 M CaCl2, 25 ml 1 M K2PO4, 1 ml
fungizone (Amphotericin B 2.5 mg/ml stock), 1 ml 1 M
PBS 10x (1 L) 81.9 g NaCl, 2 g KCl, 14.2 g Na2HPO4, 2 g KH2PO4, ddH2O
PFA 4 % (100 mL) 4 g PFA, ddH2O, 10N NaOH
PGT 1x PBS, 0.25 % Triton X-100, 0.1 % Gelatine, 0.04 % NaN3,
ddH2O
RFB 2x 160 mM KCl, 40 mM NaCl, 20 mM EGTA, 10 mM Spermidine,
ddH2O
SDS-PAGE running buffer
(1 l) 10x
0.13 M Tris-base, 0.95 M Glycine, 1 % SDS, ddH2O
SDS sample buffer 5x 300 mM Tris-HCl (pH 6.8), 50 % glycerol, 10 % SDS, 5 % 14.3
M β-2-mercaptoethanol, 0.1 % bromphenol blue, ddH2O
SOC (1L) 5 g yeast extract, 20 g tryptone, 0.5 g NaCl, 1.186 g KCl,
ddH2O before usage: add 10 ml 1 M MgCl2, 10 ml 1 M MgSO4,
20 ml 1 M glucose
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Stripping Buffer 15 g Glycine, 1 g SDS, 10 ml Tween20, ddH2O; adjust pH to
2,2
TAE-Buffer (50x, pH 8,5)
(1 L)
242 g Tris base, 57.1 ml glacial acetic acid, 18.6 g EDTA
ddH2O
Tankblotbuffer 25 mM Tris, 192 mM glycine (pH 8,3), 20 % MeOH, 0,025-0,1
% SDS (optional), ddH2O
TBS (pH 7,5) 1x 25 mM Tris, 150 mM NaCl, ddH2O
TBST 1x 1x TBS, 0,1 % Tween20
TBST 3 % BSA 6 g BSA in 200 ml 1x TBST
TTE buffer 100 mM Tris (pH 7.4), 0.01 % Triton X-100, 1 mM EDTA (pH
8.0), ddH2O
Washing solution 1x PBS, 0.25 % Triton X-100, ddH2O
YT 2x (yeast tryptone)
medium (1 L), pH 7.5
16 g tryptone, 10 g yeast extract, 5 g NaCl, ddH2O
4.1.4. Bacterial strains
Table 4.4.: Used bacterial strains
Strain name Genotype Usage
Escherichia coli : OP50 uracil auxotroph E. coli bacteria food source for C.
elegans
Escherichia coli : MACH1 F- Φ80lacZÎŤM15 ∆lacX74 hsdR(rKâĂŞ,
mK+) ∆recA1398 endA1 tonA
transformation;
express dsRNA
Escherichia coli : HT115 F- mcrA, mcrB, IN(rrnD-rrnE)1
rnc14::Tn10(DE3 lysogen: lavUV5 pro-
moter -T7 polymerase
transformation;
express dsRNA
Escherichia coli : EPI300 F- mcrA ∆(mrr-hsdRMS-mcrBC)
Φ80dlacZ∆M15 ∆lacX74 recA1 endA1
araD139 ∆(ara,leu)7697 galU galKλ− rpsL
nupG trfA dhfr
electroporation
Escherichia coli : SW105 SW103 ∆galK recombineering
4.1.5. Caenorhabditic elegans strains
Table 4.5.: C. elegans strains. Strains that were generated during this study are marked with
an asterisk (*).
Strain name Genotype Usage
BAT028* otIs305 [hsp-16.2p::che-1::3xHA, rol-
6(su1006)], ntIs1 [gcy-5p::GFP,lin-15(+)]
V
transgenic worm with an
ASE neuronal fate marker
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BAT256* otIs355 [rab-3::NLS::TagRFP] IV pan-neuronal reporter
strain
BAT278* juIs244 (ttr-39::mCherry, ttx-3::gfp) GABAergic fate reporter
strain
BAT453 hsp-16.2/4::unc-30::unc-54; rol-6 (su1006) unc-30 expressed under
heat shock promoter
BAT684 juIs8 [unc-25::GFP]; barEx147 [hsp-
16.2/4::unc-30]
transgenic worm with
GABA neuronal fate
reporter
BAT668* juIs8 [unc-25::GFP] GABA fate reporter
BAT722* stIs10166 [dpy-7p::HIS-24::mCherry, unc-
119(+)];wIs125 [hsp::elt-7]; rrIs1 [elt-
2::lacZ::GFP]
transgenic worm with gut
reporter
BAT1139 ogt-1(ok430) III.; wIs125 [hsp::elt-7]; rrIs1
[elt-2::lacZ::GFP]
transgenic worm with ogt-
1 null mutation
BAT1202 otIs355 [rab-3::NLS::TagRFP] IV; barEx147
[hsp-16.2/4::unc-30]; juIs8 [unc-25::GFP]
transgenic worm with
GABA and pan-neuronal
fate reporter
MT1806 lin-15A (n767) X. transgenic worm with
deletion in lin-15A
4.1.6. Enzymes
Table 4.6.: Used enzymes
Name of enzyme Activation
temperature
Concentration Company
Taq DNA polymerase 45 °C - 68 °C 5,000 units/ml NEB
Q5 DNA polymerase 50 °C - 72 °C 2,000 units/ml NEB
Proteinase K 37 °C - 60 °C 800 units/ml NEB
T4 DNA Ligase 16 °C 400,000 units/ml NEB
Antarctic phosphatase 37 °C 5,000 units/ml NEB
4.1.7. Equipment
Table 4.7.: Used Equipment
Name of kit Model Company
Autoclave 6410 CISA
Centrifuge Heraeus Pico 17 Thermo Scientific
Centrifuge 5430 Eppendorf
Centrifuge 5810R Eppendorf
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Electroporator Eporator Eppendorf
Electroporation cuvette 0.2 cm electrode gap Gene
pulser
Biorad
Electrophoresis power supply EV231 Consort
Fluorescent Stereomicroscope M205 FA Leica
Gel documentation system Quantum ST4 PEQLAB
Gel electrophoresis apparatus HU10W Biostep
Heating block Thermomixer® Compact Eppendorf
Incubator (15°C) Mir-554 Sanyo
Incubator (20°C) Mir-153 Sanyo
Incubator (25°C) KB 115 Binder
Incubator (32°C) AL01-06-100 Advantage Lab
Incubator (37°C) Steri-Cult 200 Forma Scientific
Incubator (37°C) Innova® 44 New Brunswick Scientific
Luminescent Image Analyzer ImageQuant™ LAS 4000 GE Healthcare
Magnetic Stirrer RCT basic IKA
Microscope (Imaging) + Camera Axio Imager + Sensicam Zeiss + PCO
PCR Thermocycler T100 Bio-Rad
pH Meter HI2211 Hanna Instruments
Pipettes Research® plus Eppendorf
Rotating wheel SB3 Stuart®
Rotator Mini gyro-rocker SSM3 Stuart®
Rotator Sea-saw rocker SS24 Stuart®
Spectrophotometer NanoDrop 200c Thermo Scientific
Stereomicroscope SMZ745 Nikon
Stereomicroscope MVX10 Olympus
Transilluminator UVT-28 M Herolab
Vortex RS-VF 10 Phoenix Instrument
Water bath TW2 Julabo
Western Blot power supply PowerPac™ HC Bio-Rad
4.1.8. Kits
Table 4.8.: Used kits
Name of kit Company
GeneJET PCR Purification Kit Thermo Scientific
HiPure Plasmid Midiprep Kit Invitrogen
InvisorbÂő Spin Plasmid Mini Two Stratec molecular
MinEluteÂő Gel Extraction Kit (50) Qiagen
4.1.9. Plasmids
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Table 4.9.: Used plasmids. Plasmids that were taken from the lab collection are marked with
an asterisk (*). All generated plasmids were sequenced with Sanger sequencing by
Eurofins Genomics.
Plasmid name Description Generated
L4440* Empty vector with ampicillin resis-
tance
Addgene- L4440 was a gift from An-
drew Fire (Addgene plasmid 1654)
pRK24 F plasmid Addegene
dBT85* hsp-16.2::2xFLAG lab collection (Tursun lab)
dBT190* hsp-16.4::2xFLAG lab collection (Tursun lab)
dBT318 hsp-16.2::unc-30::2xFLAG Gibson cloning
dBT319 hsp-16.4::unc-30::2xFLAG Gibson cloning
dBT436 L4440::Cam Gibson cloning
dBT537 L4440::hsp-1::hcf-1 Gibson cloning
dBT538 L4440::hsp-1::sumv-1 Gibson cloning
dBT539 L4440::hsp-1::sumv-2 Gibson cloning
dBT553 L4440::hsp-1::wdr-5.1 Gibson cloning
dBT654 L4440::hat-1::hsp-1 Gibson cloning
dBT655 L4440::lin-53::hsp-1 Gibson cloning
dBT690 L4440::oriT::CamR Gibson cloning
dBT840 L4440::lin-53::oriT Gibson cloning
dBT843 L4440::rbbp-5::lin-53::oriT Gibson cloning
dBT842 L4440::gld-1::oriT Gibson cloning
dBT841 L4440::oma-1::oriT Gibson cloning
dBT846 L4440::rpn-12::oriT Gibson cloning
dBT844 L4440::lin-9::oriT Gibson cloning
dBT845 L4440::lin-15A::oriT Gibson cloning
dBT847 pRK24::kanR Recombineering
4.1.10. Primers
Table 4.10.: Used primers and according annealing temperatures. These primers were gener-
ated by Eurofins Genomics.
Primer name Sequence Usage Annealing
temper-
ature
Primers for cloning
oMK01 FWD cgg tgg cgg ccg ctc tag aaA GGT GGT GAG
GTT GGA CTT G
cloning lin-15A 67 °C
(Q5)
oMK02 REV cca tgg aac cgg tgg atc caC ACA GAA CTT
TAG TGG CGC
cloning lin-15A 67 °C
(Q5)
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oMK03 FWD tgg atc cac cgg ttc cat ggT GGA ATT CTG
TCA ATG GCA AAG
cloning rpn-10 63 °C
(Q5)
oMK04 REV ggg atc cac gcg tca cgt ggG AGC TCC ATC
CAC ATC CAT TTG
cloning rpn-10 63 °C
(Q5)
oMK05 FWD tgg atc cac cgg ttc cat ggA AAT CTT CTG
GCT GTG TG
cloning rpn-12 59 °C
(Q5)
oMK06 REV ggg atc cac gcg tca cgt ggT GCT AAA ACA
ATG CAT CG
cloning rpn-12 59 °C
(Q5)
oMK21 FWD tgg atc cac cgg ttc cat ggT GAC GCT ATC
GAC GAA CAA C
cloning gld-1 65 °C
(Q5)
oMK22 REV ggg atc cac gcg tca cgt ggA GTG AGA GTG
GGG CTC TG
cloning gld-1 65 °C
(Q5)
oMK33 FWD tgg atc cac cgg ttc cat ggC CGA ATG CAG
AAA CCA GAA TC
cloning oma-1 64 °C
(Q5)
oMK34 REV ggg atc cac gcg tca cgt ggG GCC AAG TTT
CTA TGG GAC
cloning oma-1 64 °C
(Q5)
oMK35 FWD tgg atc cac cgg ttc cat ggG GGA ATC AAT
TAA CCG AGC
cloning oma-2 61 °C
(Q5)
oMK36 REV ggg atc cac gcg tca cgt ggA AAC GGA CTG
ATT GGA CG
cloning oma-2 61 °C
(Q5)
oBT271 gcg gcc gcg aag ttc cta tac ttt cta gag aat
agg aac ttc GCAT GCC TGC AGG TCG
ACT CTA GAG G
cloning hsp-16.2 72 °C
(Q5)
oBT272 gcg gcc gcg aag ttc cta tac ttt cta gag aat agg
aac ttc CAA AAA CGG AAC GTT GAG
CTG GAC GG
cloning hsp-16.4 66 °C
(Q5)
oBT517 FWD cta gcg tcg acg gta ccg gtA TGG ATG ACA
ATA CGG CC
cloning unc-30 62 °C
(Q5)
oBT518 REV cgt cct tgt agt cga tat cAA GTG GTC CAC
TGT ACT G
cloning unc-30 62 °C
(Q5)
oBT1135 FWD taa act tgg tct gac agT TAC GCC CCG
CCC TGC CA
cloning Cam 72 °C
(Q5)
oBT1137 REV ttg ttt att ttt cta aat aca ACG TAA GAG
GTT CCA ACT TTC ACC ATA ATG AAA
TAA GAT CAC
cloning Cam 72 °C
(Q5)
oBT1263 FWD ttc gag ctc cac cgc CCT GTG ACG GAA
GAT CAC TTC
cloning Kan 65 °C
(Q5)
oBT1264 REV gag ctc aaa atc ccg cAG CGC TTT TCC
GCT GCA T
cloning Kan 65 °C
(Q5)
oBT1285 FWD cca ccg gtt cca tgg GGC GCT CGG TCT
TGC CTT
cloning oriT 72 °C
(Q5)
oBT1286 REV cca cgc gtc acg tgg AGC GCT TTT CCG
CTG CAT AAC
cloning oriT 72 °C
(Q5)
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oBT1414 FWD GAA GTT TTA AAT CAA TCT AAA GTA
TAT ATG AGT AA ACT TGG TCT GAC
AGt tat tag aaa aat tca tcc agc aga cg
cloning Kan into
pRK24
60 °C
(Q5)
oBT1415 REV TGT ATT TAG AAA AAT AAA CAA ATA
GG GGT TCC GCG CAC ATT TCC CCG
AAA AGc gcg gaa ccc cta ttt gt tta ttt ttc
cloining Kan into
pRK24
60 °C
(Q5)
oBT2223 FWD TGG ATC CAC CGG TTC CAT GGT
TCG CAC GAA TCA AGT TAC
cloning uri-1 66 °C
(Q5)
oBT2224 REV TGA TAT CGA ATT CCT GCA GCT GCC
TGG AAG CTC TGA ATT TAC
cloning uri-1 66 °C
(Q5)
oBT2225 FWD TGG ATC CAC CGG TTC CAT GGC
GAC CTA CGT CTA CTT TG
cloining F52H3.5 65 °C
(Q5)
oBT2226 REV TGA TAT CGA ATT CCT GCA GCG ATT
AAT CCT CTC CTG TTT TG
cloning F52H3.5 65 °C
(Q5)
oBT2227 FWD TGG ATC CAC CGG TTC CAT GGC CAC
CAC GTG GAA TTC TTC
cloning C41C4.8 69 °C
(Q5)
oBT2228 REV TGA TAT CGA ATT CCT GCA GCC CGA
TGT CGG ACC AAG TAG
cloning C41C4.8 69 °C
(Q5)
oBT2239 FWD tgg atc cac cgg ttc cat ggC AGC TTA CTG
TAG AGT TGA G
cloning smg-7 59 °C
(Q5)
oBT2240 REV tga tat cga att cct gca gcC GAC TGA TTC
GTC TAG ATT C
cloining smg-7 59 °C
(Q5)
oBT2241 FWD tgg atc cac cgg ttc cat ggC TCG TAA TGA
CAC ATG CG
cloning lin-53 61 °C
(Q5)
oBT2242 REV tga tat cga att cct gca gcG AGA AAT CGC
TGA TCT TGG
cloning lin-53 61 °C
(Q5)
oBT2391 FWD tgg atc cac cgg ttc cat ggC TCG TAA TGA
CAC ATG CG
cloning lin-53 61 °C
(Q5)
oBT2392 REV tga tat cga att cct gca gcG AGA AAT CGC
TGA TCT TG
cloning lin-53 61 °C
(Q5)
oBT2393 FWD tgg atc cac cgg ttc cat ggC CGC CGA ACT
ATG GAA ATT AAC
clonning hat-1 64 °C
(Q5)
oBT2394 REV tga tat cga att cct gca gcC TTT TCC CGA
AAC CAG AAC
cloning hat-1 64 °C
(Q5)
oBT2440 FWD tgg atc cac cgg ttc cat ggA GAA TCT GCC
AAA ATG TC
cloning lin-8 57 °C
(Q5)
oBT2441 REV ggg atc cac gcg tca cgt ggT TCG GAA AGT
TGG AGA AAT ATG
cloning lin-8 57°C
(Q5)
oBT2442 FWD tgg atc cac cgg ttc cat ggT TGA CCC GAA
ACT CAA GTC
cloning lin-9 62 °C
(Q5)
oBT2443 REV ggg atc cac gcg tca cgt ggA TAA GAA TTG
CAT TCC AGC
cloning lin-9 62 °C
(Q5)
oBT2444 FWD tgg atc cac cgg ttc cat ggA GGT GGT GAG
GTT GGA CTT G
cloning lin-15A 67 °C
(Q5)
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oBT2445 REV tgg atc cac cgg ttc cat ggA GGT GGT GAG
GTT GGA CTT G
cloning lin-15A 67 °C
(Q5)
Primers for genotyping
oBT40 FWD cga gtc agt gag cga gga ag genotyping L4440 61 °C
(Taq)
oBT165 REV CGA CGT TGT AAA ACG ACG G genotyping L4440 57 °C
(Taq)
oBT2169 FWD gag ttt cag cag gcc gcc cag genotyping oriT 67 °C
(Taq)
oBT2170 REV gac gag caa ggc aag acc gag c genotyping oriT 67 °C
(Taq)
oBT2235 REV GTC CAA TGGA GAG TGT TCA GAT
TC
genotyping hcf-1 58 °C
(Taq)
oBT2236 REV CTC TGT TGA AAG ACA CTG CTG AC genotyping wdr-
5.1
58 °C
(Taq)
oBT2237 REV CTT CGC TGG GCC ATA TCT GTT G genotyping smg-
1
61 °C
(Taq)
oBT2238 REV CTC CAC ATT ACT ATT CGA CGG GC genotyping smg-
2
60 °C
(Taq)
oBT2476 REV GGA TGG AAC CTG TGG CCT TG genotyping lin-8 62 °C
(Taq)
oBT2477 REV GCA GAA TAG AAG AAC TCG CAC
ATG
genotyping lin-9 59 °C
(Taq)
oBT2478 REV GGA GAC GGT TTA CTG AGA GAC C genotyping lin-
15A
60 °C
(Taq)
oBT2479 REV CGA TCC GAA GAC ACC ATC ATG C genotyping lin-53 61 °C
(Taq)
oBT2605 REV CGA TGA AGA GAA CAA CGC GCA TC genotyping rpn-
10
62 °C
(Taq)
oBT2606 REV GGA GCA TGT GGA AGT CGG AC genotyping rpn-
12
61 °C
(Taq)
oBT2661 REV CTT GCA TCC AGT GTC CTG CTC genotyping gld-1 61 °C
(Taq)
oBT2662 REV CAC TCT CAG CAT GGA CGA TGG genotyping Rluc 61 °C
(Taq)
oBT2947 REV CCA AGC GAC ACA TTT CAG AG genotyping rbbp-
5
57 °C
(Taq)
oBT3223 REV GGT TTC TGC TTC TTC TGG ACT G genotyping set-2 58 °C
(Taq)
oBT3224 REV GTT GCT CTC TGC TTC CGC TG genotyping dpy-
30
62 °C
(Taq)
Primers for sequencing
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oBT206 FWD ccg aac aac att tgc tct a sequencing L4440 52 °C
(Taq)
oBT207 REV gga ctt aga agt cag agg ca sequencing L4440 56 °C
(Taq)
oBT259 REV aag tca gag gcac ggg cgc gag atg sequencing L4440 68 °C
(Taq)
oBT521 FWD GCC AAA GGA CCC AAA GGT ATG sequencing unc-
30
59 °C
(Taq)
oBT522 FWD TGA AGA CAT GGT GCA TCG AC sequencing unc-
30
58 °C
(Taq)
oBT523 FWD GCA CCA TTA ACC CAC AAT CC sequencing unc-
30
57 °C
(Taq)
oBT524 FWD GAG AAG AAA TCG CCG TCT GG sequencing unc-
30
59 °C
(Taq)
oBT525 FWD CTT CTT GCC AGA CAT CAT CTT G sequencing unc-
30
56 °C
(Taq)
oBT526 FWD GAT TCC AAT GTC TCC AAC GAC G sequencing unc-
30
59 °C
(Taq)
oBT527 FWD GAG GAC GCG AGT CAA ATC TG sequencing unc-
30
59 °C
(Taq)
4.1.11. RNAi clones
Table 4.11.: RNAi clones. Descriptions taken from wormbase.org
Gene
name
Description Derrived from
Renilla
lu-
ciferase
control M. Hajduskova (Tursun
lab)
lin-53 histone-chaperone LIN-53 Tursun et al. (2011)
rpn-10 proteasome Regulatory Particle Chromatin sub-library
rpn-12 proteasome Regulatory Particle Chromatin sub-library
rbbp-5 RetinoBlastoma protein Binding Protein Chromatin sub-library
oma-2 Oocyte MAturation defective Chromatin sub-library
gld-1 defective in Germ Line Developmen Chromatin sub-library
mex-3 Muscle EXcess Chromatin sub-library
lin-8 synthetic multivulva (synMuv) gene Ahringer library
lin-9 synthetic multivulva (synMuv) gene Ahringer library
lin-15A synthetic multivulva (synMuv) gene Ahringer library
hsp-1 Heat Shock Protein Chromatin sub-library
ogt-1 O-linked GlcNAc Transferase Ahringer library
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4.2. Methods
4.2.1. Preparation of Plates
In the laboratory C. elegans is cultured on solid media that are seeded with bacteria as
their food source. The added supplements to the media depent on the type of experiment.
4.2.1.1. Preparation of Nematode Growth Medium (NGM) Plates seeded with
OP50 bacteria
NGM plates were prepared by pouring 7 mL of NGM (tab. 4.3) into a 6 cm petri dish.
The plates dried O/N at RT. Dry plates were seed with 0.5 mL of OP50 (tab. 4.4) O/N
culture. The plates were left to try O/N at RT for up to two days. Plates were stored
at 4ÂřC.
The bacteria strain used as food source is the E. coli strain OP50 that is uracil autotroph.
Thus, their growth is limited by the amount of uracil provided in the plate medium within
peptone. The bacteria cannot overgrow the plates.
OP50 cultures were prepared by adding colonies obtained from a streak plate into 500
mL 2YT medium (tab. 4.3). The inoculated medium was incubated at 37 °C O/N while
shaking at 130 rpm.
4.2.1.2. Preparation of 6-well RNAi plates seeded with RNAi bacteria
To prepare 6-well RNAi plates 3.5 mL NGM (tab. 4.3) was poured into each well. The
6-well plates were left to dry at RT for two days. Dried plates were seeded with 150 ÂţL
of bacterial O/N culture and left to dry for up to two days at RT. The plates were stored
at 4 °C.
Double stranded RNA (dsRNA) producing bacteria (tab. 4.4) HT115 were used for RNAi
experiments. To induce the production of dsRNAs IPTG was added to the medium. The
produced dsRNAs are taken up by the worm and are the building block for the gene
silencing RNAi machinery.
The bacteria cultures were prepared by inoculating LB+Amp medium (tab. 4.3) from
streaks from LB+Amp+Tet plates. The inoculated medium was incubated at 37 °C O/N
while shaking at 130 rpm.
4.2.2. Worm specific methods
4.2.2.1. Maintenance and storage of C. elegans
Worm strains containing a heat shock construct were kept at 15 °C on NGM plates
seeded with OP50 bacteria and propagated using standard procedures (Brenner, 1974).
To maintain worms, a small chunk of a worm containing plate was cut out and placed
upside down on a fresh plates seeded with OP50 bacteria.Alternatively, worms could be
picked with a so called ’worm pick’, consisting of a platinum wire attached to a glass
pipette, and transferred to a fresh plate. Extrachromosol arrays in worms are only trans-
mitted to some of the offspring. Worms carrying extrachromosol arrays were handpicked
85
by phenotypic inspection under the microscope looking for the selection marker in order
to maintain the population. As an example for the worm strain BAT1202 (tab 4.5) only
worms that showed a rolling movement due to a defect in cuticle collagen were picked
and transferred to a fresh plate.
In order to maintain N2 males, N2 males were cross-fertilized with N2 hermaphrodytes
on a weekly basis. Self-fertilized hermaphrodytes themselfes lead to a low frequency of
male progeny (0.1 %).
Males of another genotype than N2 were generated by crossing N2 males with hermaphrodytes
of the genotype of interest. The resulting male progreny was maintained by back crossing
them with hermaphrodytes of the same genotype weekly.
4.2.2.2. Worm lysis
To break down peptide bonds and to free nucleic acids 1U of proteinase K (tab.4.6) to 10
U of lysis solution (tab. 4.3). Worms were transferred into lysis solution. A single worm
was transferred into a PCR tube containing 20 ÂţL of lysis solution (if more worms were
lyses, the volume of lysis solution was increased accordingly). The worm containing lysis
solution was incubated at -80 °C for at least 30 minutes. This freeze-crack steps helps to
break up the rigid cuticle of the worm to liberate the DNA. In the next step the frozen
PCR tubes were placed into a thermocycler using the following program:
Table 4.12.
Temperature Time Process
60 °C 60 minutes Activation of proteinase K
95 °C 30 minutes Heat inactivation of proteinase K
12 °C ∞ Storage
4.2.2.3. Harvesting worms
Worms were harvested by washing off 6 cm plates with M9 buffer (tab.4.3) and transferred
to 1.5 mL Eppendorf tubes. The worms were pelleted at 30 g and washed three times
with 800 ÂţL of M9 buffer to remove OP50 bacteria. Harvested worms were then used
in experiments such as RNAi or immuno stainings.
4.2.2.4. Synchronizing worms
Worms were washed of from plats containing many L1 larvae, but were not starved. The
worms were collected in 1.5 mL Eppendorf tubes and allowed to settle for two minutes to
separate the worms by size. After inspecting the Eppendorf tube under the microscope
the upper layer, containing L1 larvae, was taken off and transferred into a new 1.5 mL
Eppendorf tube. The worms were spinned down at 30 g for 1 minute, washed three times
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with M9 buffer and transferred to a fresh plate containing OP50 bacteria. The plate was
left at 15 °C until further usage.
4.2.2.5. Freezing worms for long term storage
Worms can be stored for long term at -80 °C. Starved plates containing plenty of L1
larvae were washed off and transferred into 1.5 mL Eppendorf tubes. The worms were
spinned down at 30 g for 1 minute and washed three times with M9 buffer (tab.4.3). The
M9 buffer was taken off and 2 mL of a 1:1 mixture of M9 buffer and freezing solution
(tab. 4.3) was added and then transferred into a Cryo tube. To ensure slow freezing the
cryo tube was placed into a Styrofoam box and kept for at least 24 h at -80 °C. After
about 1 day the cryo tube was moved out from Styrofoam box and stored at -80 °C.
4.2.2.6. Transgenic crosses
Animals were mated by placing 6 to 8 males with 5 hermaphrodytes on a 6 cm plate
containing a drop of OP50 to ensure that the worms would meet.
In the subsequent generation one would look for paternally or maternally expressed
inherited markers. Crossing was carried out to introduce the GABA specific marker
unc-25::gfp and pan-neuronal marker rab-3::rfp into strains carrying hsp-16.2/4::unc-
30; rol-6 (su1006) (tab.4.5, BAT453). First, N2 males from the male stock (section
4.2.2.1) were first crossed with worms carrying gcy-5::gfp (BAT668, tab. 4.5). Males
carrying gcy-5::gfp were then mated with transgenic worms carrying hsp-16.2/4::unc-30,
ttr-39::mCherry. In the F1 generation animals that showed unc-25::gfp as well the rolling
movement were singled out and allowed to reproduce. About 20 - 50 F2 animals were
singled out to homozygous the GABA marker (unc-25::gfp) and the rolling movement
indicating that the animals are carrying hsp-16.2/4::unc-30. Worms were singled out
until the population was homozygous for markers.
Crossing was carried out to introduce ogt-1 mutant background (tab. 4.5, RB653)
into worms carrying hsp::elt-7, elt-2::lacZ::gfp, rol-6 (tab. 4.5, BAT722). First, N2 males
from male stock (section 4.2.2.1) were crossed with worms hsp::elt-7, elt-2::lacZ::gfp (tab.
4.5, BAT722). The male progeny from this strain was crossed into the ogt-1 mutant
background (tab. 4.5, RB653). The F1 generation is heterozygous for both the marker
and the mutation. Several F1 hermaphrodytes expressing the marker (GFP/GFP or
GFP/+) were singled out and allowed to reproduce. About 50 F2 animals showing the
marker were singled out to homozygous the marker as well as the mutation. The F2
mother animal was lysed in lysis buffer (tab. 4.3) as soon eggs had been layed on the
plate and genotyped for the mutation (section 4.2.2.7). Worms were singled out until
they were homozygous for both the marker and the mutation.
4.2.2.7. Genotyping
To genotype worms 2 ÂţL of worm lysate (section 4.2.2.2) was used as template for
PCR (section 4.2.3.1) The mutation ogt-1 (ok430) is a deletion. Thus, it was possible
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to confirm the mutation by the correct band size on an agarose gel (section 4.2.3.3). In
addition a WT lysate was used as a negative control in the same PCR.
4.2.2.8. Antibody stainings
4.2.2.8.1. Antibody staining by reduction and oxidation method
Using the Reduction and Oxidation method worms were treated as previously described
(?). Worms were resuspended in 2x RFB (tab. 4.3) + 2 % formaldehyde in 1.5 mL
Eppendorf tubes, followed by three freeze-thaw-cycles. The worms were then fixed for 30
minutes at 25 °C. Each sample was washed once in TTE buffer (tab. 4.3) and incubated
in TTE buffer + β-Mercaptoethanol at 37 °C for 4 h. Afterwards the samples were
washed once with BO3 buffer (tab. 4.3) and incubated in BO3 + 10 mM DTT at 37 °C
for 15 minutes. The samples were washed again with BO3 buffer and then incubated in
BO3 + 0.3 % H2O2 for 15 minutes. The samples were washed for the third time with
BO3 buffer and then blocked with blocking solution (tab. 4.3) at 25 °C for 30 minutes.
After blocking primary antibodies (tab. 4.2) were added to the worm samples and incu-
bated at 4 °C O/N. The samples were washed five times in washing solution (tab. 4.3).
Secondary antibodies (tab. 4.2) were added to the samples and incubated at 4 °C O/N
in the dark, followed by five washing steps in washing solution. Samples were mounted
in DAPI-containing mounting medium and imaged under Zeiss fluorescent microscope
(tab. 4.7).
4.2.2.8.2. Antibody staining using slide crack method
Using the slide crack method (?) worms were subjected to freeze-crack using two Su-
perFrost Plus slides. Worms were carefully put in between two slides to form a slide
sandwich and incubated for 30 minuts on dry ice. The worms were cracked by quickly
opening the slide sandwich and immediately immersed in cold methanol or PFA and
incubated for 5 minutes at RT. The worms were washed with 1x PBS (tab. 4.3) and
blocking solution was added. The samples were incubated for 30 minutes at 25 °C. The
subsequent steps were similar as the Reduction and Oxidation method.
4.2.3. Molecular Biology Methods
4.2.3.1. Polymerase Chain Reaction (PCR)
Polymerase chain reaction was used to amply the DNA fragment of interest. Specific
primers were used to ensure that only the fragment of interest was amplified. The primers
and their annealing temperatures are listed in table 4.10. The following reactions and
programs were used for different PCRs.
4.2.3.1.1. NEB Taq Polymerase PCR (colony PCR)
5 Îĳl 10x ThermoPol Reaction Buffer, 0.5 Îĳl 10 mM dNTPs, 0.5 Îĳl 10 ÎĳM Forward
Primer, 0.5 Îĳl, 0.5 Îĳl 10 ÎĳM Reverse Primer, 2 Îĳl Template DNA (bacterial culture),
0.125 Îĳl Taq DNA Polymerase, ad Nuclease-free water until 50 ÂţL total volume is
reached.
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Table 4.13.
Temperature Time Process
95 °C 10 minutes Initial denaturation
34 cycles
95 °C 30 seconds Denaturation
table 4.10 30 seconds primer hybridization
68 °C 2 - 3 min depending on
fragment length
Elongation
68 °C 5 min Final elongation
12 °C ∞ Storage
4.2.3.1.2. NEB Q5 Polymerase PCR (cloning)
10 Îĳl 5x Q5 Reaction Buffer, 1 Îĳl 10 mM dNTPs, 2.5 Îĳl 10 ÎĳM Forward Primer,
2.5 Îĳl 10 ÎĳM Reverse Primer, 2 Îĳl Template DNA, 0.5 Îĳl Q5 High-Fidelity DNA
Polymerase, ad 50 Îĳl Nuclease-free water
Table 4.14.
Temperature Time Process
98 °C 30 seconds Initial denaturation
34 cycles
98 °C 10 seconds Denaturation
table 4.10 30 seconds primer hybridization
72 °C 1 - 3 min depending on
fragment length
Elongation
68 °C 2 min Final elongation
8 °C ∞ Storage
4.2.3.2. Colony PCR
Colony PCR was performed to identify bacterial colonies carrying the plasmid of interest
after a performed transformation. Bacterial colonies were inoculated in 100 ÂţL LBAmp
medium (tab. 4.3) at 37 °C and 700 rpm for 2 hours. Of that culture 1 ÂţL was used as
template for PCR (section 4.2.3.1). The DNA from positive colonies was isolated (section
4.2.3.7) and send for sequencing (Eurofins Genomics).
4.2.3.3. Gel electrophoresis
To analyze DNA bands and plasmids by their size, agarose gel electrophoresis was used.
Agarose gels (1 %) in 1x TAE buffer were prepared with ethidium bromide (0.5 Âţg/mL
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final concentration). TAE (1x) was also used as a running buffer. DNA samples were
loaded with 6x loading dye. By applying 100 V over 30 minutes DNA fragments were
separated by size. The Generuler 1 kb Plus DNA ladder (0.1 µg/mL) from Thermo
Scientific was used as a marker.
4.2.3.4. DNA purification/Gel extraction
DNA samples were purified using GeneJET PCR Purification Kit from Thermo Scientific
(tab. 4.8) according to manufacturer’s instructions.
Alternatively DNA fragments were purified using gel extraction. The DNA fragments
were visualized using UV light in 1 % agarose gels, cut out and collected in 1.5 mL
Eppendorf tubes. The DNA containing agarose gel pieces were treated according to
manufacturer’s instructions using the QIAquick Gel Extraction Kit from QIAGEN (tab.
4.8).
DNA concentrations were measured using Nanodrop (tab. 4.7).
4.2.3.5. Molecular cloning
Molecular cloning was used to generate desired DNA sequences and amplify them. For
RNAi experiments the plasmid L4440 was used.
4.2.3.5.1. Cloning using Restriction Enzymes
4.2.3.5.2. Gibson Cloning
The NEBuilder® Assembly Tool (http://nebuilder.neb.com) was used to design specific
primers to amplify DNA fragments with overhangs (homology arms).
The vector DNA was digested with specific restriction enzymes (tab. 4.6). The insert
DNA fragments were amplified (section 4.2.3.1.2) using the specific primers designed for
Gibson cloning (tab. 4.10). All plasmids are listed in table 4.9.
The amplified fragments were combined with vector and 2x Gibson Mastermix (tab.
4.3) were combined in one reaction tube and incubated at 50 °C for 1 hour. The Gibson
ligation was used for transformation (section 4.2.3.6).
The correct amount of vector and insert DNA added to the Gibson reaction were calcu-
lated as follows:
• vector: 0.1 pmol, insert 0.03 pmol
• ng = (pmol×bp×650)1000
4.2.3.6. Transformation in Escherichia coli
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Figure 4.1.: Gibson Assem-
bly Workflow modified from
https://www.neb.com/ applications/
cloning-and%20synthetic-biology/dna-
assembly-and%20cloning/gibson-assembly
Free DNA is transferred into competent
bacterial cells during transformation. For
this study, three different types of com-
petent cells were used for transformation
experiments, the E. coli strains MACH1,
HT115, and EPI300 (tab. 4.4).
4.2.3.6.1. Chemical transformation
Competent E. coli bacterial cells were
transformed with ligation reaction (sec-
tion 4.2.3.5.1) or Gibson reaction (section
4.2.3.5.2) using heat shock. The cells were
thawed on ice (50 µL per reaction) and
2 ÂţL ligation/Gibson reaction was added
for transformation of MACH1 cells, while
1 µL of isolated plasmid (1-100 ng) was
added to HT115 bacterial cells.
The solution of bacterial cells and ligation
mix were incubated for 30 minutes. Then
the sample was heat shocked at 42 °C for
30 seconds (MACH1) or 90 seconds (HT115) in order to make the bacterial membrane
more permeable for DNA fragment. After the heat shocks were immediately transferred
on ice for 2 minutes and 250 µL of SOC medium (tab. 4.3) was added. The sam-
ples were incubated at 37 °C for 1 hour while shaking at 700 rpm in order to let the
cells recover. The transformed cells were then plated on LBAmp plates (MACH1) or on
LBAmp+Tet plates (HT115) O/N at 37 °C. As a negative controll ddH2O was added to
the competent bacteria cells and then treated as as described above.
4.2.3.6.2. Electroporation
A single colony of electrocompetent bacteria strains SW105 and EPI300 (tab. 4.4)
were inoculated in 10 mL LB O/N at 32 °C (SW105) or 37ÂřC (EPI300). It is important
to keep the temperature for SW105 under 32 °C to prevent the activation of the heat
inducible λ Red recombinase. Of the overnight culture 500 µL were taken to inoculate 50
mL LB. The cultures were grown until a OD600 = 0.4 - 0.6 and then transferred on ice for
20 minutes. The bacteria cells were harvested in pre-cooled falcon tubes for 15 minutes
at 4000 rpm at 4 °C. The cells were washed with ice-cold ddH2O. The cells were harested
again for 15 minutes at 4000 rpm at 4 °C and all the supernatant was taken off except
1 mL. The pelleted cells were resuspended and immediately used for electroporation.
Aliquots of 100 µL were prepared in 1.5 mL Eppendorf tubes and to each aliquot 50
- 100 ng of plasmid DNA were pipetted. The sample was transferred to pre-chilled
electroporate cuvettes. (tab. 4.7) and electroporated at 2.5 kV at an active constant
time mode (time constant 4.8 - 5.4 seconds). After electroporation 900 µL of LB were
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added immediately and the cells were incubated for 1 hour at 37 °C while shaking at 700
rpm. Afterwards 1:10 and 1:000 dilutions were plated on LBCamR plates O/N at 32 °C
(SW105) or 37 °C (EPI300).
4.2.3.7. Plasmid isolation from Escherichia coli
Single colonies of bacteria containing the plasmids of interest were used to inoculate 2
mL LBAmp (tab.
reftab:buffer) O/N at 37 °C while shaking at 130 rpm. The plasmids of interest were
isolated using the Invisorb Spin Plasmid Mini Two (250) Kit (Stratec, tab. 4.8) according
to the manufacturer’s specifications.
The DNA concentration was measured using the NanoDrop ND-1000 Spectrphotometer
(tab. 4.7).
4.2.3.8. Bacterial Recombination
To heat activate the λ Red recombinasae in the SW105 containing the plasmid pRK24
(tab.4.9) a single colony was taken from LBCam plate (section ) and inoculated O/N
at 32 °C. The next day 500 µwere used to inoculate 50 mL LBCam starter culture and
grown until OD600 = 0.4 - 0.6 in flasks. The OD600 was measured using the NanoDrop
ND-1000 Spectrophotometer (tab. 4.7). The water bath was heated up to 42 °C (tab.
4.7). The flasks were incubated at 42 °C while gentle shaking for 20 minutes. Then the
flasks were transferred to ice for 20 minutes. The bacteria were harvested for 15 minutes
at 4000 rpm at 4 °C, washed twice with 12.5 % glycerol (tab. 4.3) and pelleted again.
All supernatant was taken off except for 1 mL and 100 µL aliquots were prepared. At
this point aliquots could be shock frozen with liquid Nitrogen and kept for up to 4 weeks.
The PCR product containing the recombineering cassette for Kanamycin (200 ng) was
electroporated into SW105+pRK24 as described before (section 4.2.3.8). As a negative
control water was added to SW105+pRK24 and treated otherwise the same. After elec-
troporation cells were incubated for 3 hours at RT and then plated on LBKan plates at
32 °C for 36 h.
4.2.4. Protein biochemical work
4.2.4.1. SDS-page
In a 1.5 mL Eppendorf tube 25 L4 animals were collected. The animals were washed
three times. After the last washing step 1M SDS sample buffer (see 4.3) was added. The
proteins are charged negatively with SDS allowing therefore to seperate them according
to their molecular weight by applying an electric force field across the polyacrylamid gel
(Shapiro, 1967; Laemmli, 1970). The samples were placed in a thermomixer to cook at
95 °C for 10 minutes followed by a freeze-crack step at -80 °C O/N. The samples were
stored at -20 °C until usage.
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4.2.4.1.1. Preparation of polyacrylamid gels
Each gel consists of two layers: In the upper layer the proteins are concentrated (stacking
gel) before entering into the lower layer in which they are seperated based on their mass
(separating gel).
Table 4.15.: Prepared mixes for pouring gels. All components are combined to pour
the separating and the stacking gel. APS and TEMED have to be added last right before
pouring the gel. The pH of the Tris buffer (asterisk (*)) for the stacking gel is 8.8, while
a pH of 6.8 is used for the separating gel.
Components Separating gel Stacking gel7.5 % 10 % 5 %
1.5 M Tris (pH 8.8/6.8) 1.5 mL 1.5 mL 250 µL
Acrylamide: Bis 30 % 37.5:1 1.5 mL 2 mL 500 µL
20 % SDS 30 µL 30 µL 15 µL
ddH2O 2.9 mL 2.4 mL 2.2 mL
10 % APS 60 µL 60 µL 30 µL
TEMED 5 µL 5 µL 3 µL
First the separating gel (see tab. 4.15) was poured into casting. The choice of per-
centage of the separating gel depends on the protein that is to be detected. After the
separating gel had solidified it was overlaid with with the stacking gel (see tab. 4.15).
The wells are inserted and the gel is left to polymerize. The polymerized gels can be
stored in Saran wrap at 4 °C for about a week.
4.2.4.1.2. Electrophoresis
Before starting the gel, samples have to be denatured by cooking them at 96 °C for 5
minutes and spinning them down at 17,000 g for 10 minutes. Of each sample 20 ÂţL was
loaded on the gel. The PageRuler Prestained Protein ladder from Thermo Scientific was
used as a marker. SDS sample buffer (see tab. 4.3) was used to load free wells in order
that all samples run equally through the gel.
The loaded SDS gel are placed in tank containing SDS running buffer (see tab. 4.3).
An electric force field is applied. The negatively charged proteins move through the gel
towards the positive charge at a constant current of 10 mA in the stacking gel. Once the
samples pass into the separating gel the current is upregulated to 20 mA. As soon as the
bromophenol blue dye has reached the bottom of the gel the run is terminated.
4.2.4.2. Western blotting
Proteins that were separated based on their mass during Electrophoresis are now trans-
ferred from the polyacrylamide gel to a nitrocellulose membrane (?) and detected by
using specific antibodies.
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4.2.4.2.1. Wet transfer of proteins and blocking of membrane
First the SDS page gel containing the samples and the nitrocellulose membrane were
equilibrated in 1x tank blot buffer (see tab. 4.3) for 5 minutes. Afterwards all components
were assembled in a cassette from the postive to the negative pole in the following order:
fiber pad, filter paper, nitrocellulose membrane, SDS page gel, filter paper, and a fiber
pad. All components are kept in 1x tank blot buffer during assembly. The cassette is
transfered to a tank containing 1x tank blot buffer and by applying a constant voltage of
100 V for 1h, ionic interactions lead to the adherence of proteins to the membrane. The
transfer buffer has to be cooled down during transfer. Subsequently the nitrocellulose
membrane containing the protein is transfered into 3 % BSA dissolved in 1x TBST (see
tab. 4.3) for 1h while shaking at RT.
4.2.4.2.2. Immunological detection
The blocked nitrocellulose membrane contained probed proteins was incubated for 1 to 2
h at RT with primary antibody. The primary antibody was diluted in 3 % BSA dissolved
in 1x TBST (see tab. 4.3) according the instruction of the manufacture. Subsequently
the membrane was washed three times in 1x TBST for 10 minutes each. Afterwards
a specific secondary antibody was added, diluted 1:10,000 in 3 % BSA dissolved in 1x
TBST, and incubated for two hours at RT, followed by three washing steps in 1x TBST.
All incubation and washing steps are conducted while gently shaking the membrane.
The secondary antibody is coupled to horseradish peroxidase (HRP), which is used to
produce a chemiluminescent signal in relation to the amount of protein.
To visualize the protein the blot was exposed to Lumi-Light Western blotting substrate
from Sigma Aldrich. The Luminscent Imaga Analyzer detected the chemiluminescent
signal using the ImagaQuant LAS4000 software.
4.2.5. RNAi interference
RNA interference describes the process in which dsRNA is cleaved into short interfering
RNAs (siRNAs) that target sequence specific messenger RNAs (mRNAs), form a complex
(RISC) that leads to degradation of its bound mRNA and thus to the down regulation
of gene expression. This process was first described in C. elegans and can be used to
target specific mRNAs to knock down the expression of a gene of interest to investigate
its function through the analysis of the resulting phenotypes (Fire et al., 1998).
RNAi experiments were performed by feeding worms with dsRNA producing bacteria
(tab. 4.4: HT115) using standard procedure (Timmons et al., 2001). In HT115 bacteria
the RNAse III gene is interrupted by the Tn10-transposon, which contains a tetracycline-
resistant gene. HT115 cells are transformed with the L4440 plasmid (tab. 4.9) containing
a sequence targeting the gene of interest. Because they are modified to express the
T7 RNA polymerase from an Isopropyl-β-D-1-thiogalactopyranoside (IPTG) inducible
promoter, IPTG is added to the NGM medium for RNAi experiments (tab.4.3) to induce
the production of dsRNA to cause a knock-down of the target gene in worms that take
up these bacteria.
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4.2.5.1. P0 RNAi-screen
For a P0 RNAi screen, L1 worms were harvested as described before (section 4.2.2.3) and
plated onto 6-well RNAi plates containing RNAi bacteria to knock down a particular gene
of interest. The worms were grown at 15 °C until they reached L3 - L4 stage and then
heat shocked at 37 °C for 30 minutes. Immediately afterwards the plates were moved to
25 °C and incubated for 18 - 24 h until scoring. The heat shock activated the expression
of the terminal selector gene UNC-30 (hsp-16.2/4::unc-30 ). The worms were screened
under fluorescent dissecting scope (tab. 4.7) to detect ectopical expression of the fate
reporters unc-25::gfp and rab-3::tRFP. The obtained data were analysed using a Paired
Student’s t test to determine statistical significance.
4.2.5.2. F1 RNAi-screen
For F1 RNAi screen, 7 - 15 synchronized L4 worms (section 4.2.2.4) were plated onto
6-well RNAi plate containing RNAi bacteria to knock down a particular gene of interest.
The worms were grown at 15 °C until the F1 generation reached L4 status. At this point
the plates were heat shocked for 30 minutes at 37 °C and then immediately moved to 25
°C for 18 to 24 h to induce the ubiquitously express the TF UNC-30 (hsp-16.2/4::unc-
30 ). Worms expressing the fate reporters unc-25::gfp and/or rab-3::tRFP were scored
under the fluorescent dissecting scope. The obtained data were analyse (paired Student’s
t-test).
4.2.5.3. Fluorescent Microscopy
To image worms a fluorescent microscope was used (Axio Imager 2, Zeiss) equipped with
a digital camera (Sensicam, PCO). The worms were transferred onto 3 % agar pads placed
on a glass slide and immobilized with sodium azide (20 mM). Sodium azide paralyzes
the worms by interrupting the electron transport chain. A cover slip was placed on the
agar pad and the worms were imaged using the Axio Imager 2 (tab. 4.7). The pictures
were processed using the open source software MicroManager 1.4 (https://www.micro-
manager.org/).
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Table A.1.: Conjugation attempts in liquid medium in 2 mL Eppendorf tubes combining
overnight cultures of donor and recipient at 32 °C. Donor strain SW105(pRK24-kan;
hsp-1 ); recipient strain: HT115(ogt-1 )
Total
amount
donor
and
recipient
Ratio
D:R
Ratio of
dilution
Incubation Plating
1:10
Plating
1:100
Conju-
gation
20 1 to 1 1 to 5 1h no no 0/8
20 1 to 10 1 to 5 1h no no 0/8
21 1 to 3 1 to 5 1h no no 0/8
50 5 to 1 1 to 1 1h no no 0/8
99 1 to 3 0 1h yes no 0/8
100 1 to 1 0 1h no no 0/8
100 1 to 1 2 to 1 1h no no 0/8
100 5 to 1 0 1h ND ND ND
100 1 to 1 0 1h yes no 0/8
100 1 to 10 0 1h yes no 0/8
200 1 to 1 0 1h yes no 0/8
200 1 to 1 0 1h yes no 0/8
200 1 to 10 1 to 1 1h yes no 0/8
200 1 to 10 1 to 1 1h yes no 0/8
500 1 to 3 1 to 1 1h yes yes 0/8
500 3 to 1 1 to 1 1h yes yes 0/8
1000 1 to 5 0 1h yes yes 0/8
1000 5 to 1 0 1h yes yes 0/8
1000 5 to 1 0 1h ND ND ND
200 1 to 1 0 2h yes no 0/8
200 1 to 1 0 2h yes no 0/8
200 1 to 10 1 to 1 2h yes no 0/8
200 1 to 10 1 to 1 2h yes no 0/8
1000 5 to 1 0 2h ND ND ND
100 1 to 5 1 to 1 ON no no 0/8
200 1 to 10 1 to 1 ON yes no 0/8
20 1 to 10 1 to 50 ON yes yes 0/8
10 1 to 5 1 to 100 ON yes no 0/8
200 10 to 1 1 to 1 ON no no 0/8
20 10 to 1 1 to 50 ON yes no 0/8
100 5 to 1 1 to 1 ON no no 0/8
10 5 to 1 1 to 100 ON no no 0/8
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Table A.2.: Conjugation in liquid medium in 20 mL Falcon tubes O/N at 32 °C. Donor
and recipient cultures in stationary phase. Mixtures were plated on LBAmp+Tet+Cam
plates and then streaked out.
Total
amount
donor
and
recipient
Ratio
D:R
Ratio of
added
LB
medium
Ratio of
added
LB-
AKC
medium
Incu-
bation
Plating
1:10
Plating
1:100
Con-
jugation
100 5 to 1 1 to 10 0 ON yes yes 0/8
200 1 to 1 1 to 5 0 ON no no 0/8
200 1 to 1 1 to 5 0 ON yes yes 0/8
200 1 to 10 1 to 5 0 ON yes yes ND
200 1 to 10 1 to 5 0 ON yes yes 0/8
200 1 to 10 1 to 5 0 ON NA yes 0/8
200 1 to 5 1 to 5 0 ON NA yes 0/8
200 10 to 1 1 to 5 0 ON NA no 0/8
200 5 to 1 1 to 5 0 ON NA yes 0/8
210 1 to 3 1 to 5 0 ON NA yes ND
210 3 to 1 1 to 5 0 ON NA no 0/8
1000 5 to 1 0 0 1h no no 0/8
200 1 to 1 0 1 to 5 ON no no 0/8
200 1 to 1 0 1 to 5 ON no no 0/8
200 1 to 10 0 1 to 5 ON yes yes 0/8
200 1 to 10 0 1 to 5 ON no no 0/8
100 5 to 1 0 1 to 10 ON no no 0/8
Table A.3.: Conjugation of SW105 (pRK24-kan) with HT115 (ogt-1 ) on solid LB agar
plates, incubated O/N at 32 °C. Mixture resulted in colonies. Donor and recipient plasmid
detected by PCR.
Total
amount
donor
and
recipient
[µL]
Ratio
D:R
Incu-
bation
Plating
1:10
Plating
1:100
Conju-
gation
PCR
confir-
mation
donor
PCR
confir-
mation
recipient
1000 5 to 1 ON yes yes 8/8 8/8 8/8
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Table A.4.: Conjugation in liquid medium. Donor SW105 (pRK24-kan; hsp-1 ) and
recipient HT115 (ogt-1 ) were grown until OD600 = 0.5. and mixed in 1.5 mL Eppendorf
tubes, diluted with either LB or SOC medium, incubated at 32 °C for 2 to 8h and
subsequently plated and streaked out on LBAmp+Tet+Cam plates.
Total
amount
donor
and
recipient
[µL]
Ratio
D:R
Ratio
dilution
with LB
[µL]
Ratio
dilution
with
SOC
[µL]
Incu-
bation
[hours]
Pla-ting
1:10
Con-
jugation
50 1 to 5 1:1 0 2h no 0/8
50 5 to 1 1:1 0 2h no 0/8
50 1 to 10 1:1 0 2h yes 0/8
50 10 to 1 1:1 0 2h no 0/8
50 1 to 5 0 1:1 2h yes 0/8
50 5 to 1 0 1:1 2h no 0/8
50 1 to 10 0 1:1 2h yes 0/8
50 10 to 1 0 1:1 2h no 0/8
50 1 to 5 1:1 0 4h yes 0/8
50 5 to 1 1:1 0 4h no 0/8
50 1 to 10 1:1 0 4h yes 0/8
50 10 to 1 1:1 0 4h no 0/8
50 1 to 5 0 1:1 4h yes 0/8
50 5 to 1 0 1:1 4h no 0/8
50 1 to 10 0 1:1 4h yes 0/8
50 10 to 1 0 1:1 4h no 0/8
50 1 to 5 1:1 0 6h yes 0/8
50 5 to 1 1:1 0 6h no 0/8
50 1 to 10 1:1 0 6h yes 0/8
50 10 to 1 1:1 0 6h no 0/8
50 1 to 5 0 1:1 6h yes 0/8
50 5 to 1 0 1:1 6h no 0/8
50 1 to 10 0 1:1 6h yes 0/8
50 10 to 1 0 1:1 6h no 0/8
50 1 to 5 1:1 0 8h yes 0/8
50 5 to 1 1:1 0 8h yes 0/8
50 1 to 10 1:1 0 8h yes 0/8
50 10 to 1 1:1 0 8h no 0/8
50 1 to 5 0 1:1 8h yes 0/8
50 5 to 1 0 1:1 8h yes 0/8
50 1 to 10 0 1:1 8h yes 0/8
50 10 to 1 0 1:1 8h no 0/8
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Table A.5.: Conjugation in liquid medium. Donor SW105 (pRK24-kan; hsp-1 ) and
recipient HT115 (ogt-1 ) were grown until OD600 = 0.5. and mixed in 1.5 mL Eppendorf
tubes, diluted with either LB or SOC medium, incubated at 32 °C for 2 to 8h and
subsequently plated and streaked out on LBAmp+Tet+Cam plates.
Total
amount
donor
and
recipient
[µL]
Ratio
D:R
Incubation
[hours]
Plating
1:10
Con-
jugation
100 1 to 5 2h yes 0/8
100 5 to 1 2h no 0/8
100 1 to 10 2h no 0/8
100 10 to 1 2h no 0/8
100 1 to 1 2h no 0/8
100 1 to 5 4h yes 0/8
100 5 to 1 4h no 0/8
100 1 to 10 4h yes 0/8
100 10 to 1 4h no 0/8
100 1 to 1 4h yes 0/8
100 1 to 5 6h yes 0/8
100 5 to 1 6h no 0/8
100 1 to 10 6h yes 0/8
100 10 to 1 6h no 0/8
100 1 to 1 6h yes 0/8
100 1 to 5 8h yes 0/8
100 5 to 1 8h yes 0/8
100 1 to 10 8h yes 0/8
100 10 to 1 8h yes 0/8
100 1 to 1 8h yes 0/8
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Table A.6.: Donor and recipient culture were grown until late exponential phase and
mixted on LB agar plate, incubated at 32 °C O/N. Subsequently the mixture was plated
and resulting colonies were streaked out.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
Incubation
time
Colonies
1:10
colonies
1:100
streak
out of
single
colonies
SW105 0.91 ogt-1 0.84 1:1 on
1000 20 1/8
1000 5 0/8
1000 9 0/8
>1000 500 0/8
OG 500 2/8
OG 1000 1/8
Table A.7.: Conjugation on solid LB agar using two different host strains, SW105 and
HT115, that are mixed with ogt-1, incubated at 32 °C O/N and plated on LBAmp+Tet+Cam
plates. Donor and recipient strain were grown until exponential phase.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
added
LB to
con-
jugate
volume
ratio
colonies
1:100
streak
out of
single
colonies
SW105 0.5 ogt-1 0.75 1:1
0 >20 0/8
2:1 >100 0/8
1:1 >100 0/8
1:2 >500 0/8
H1 0.64 ogt-1 0.75 1:1
0 10 -
2:1 12 -
1:1 50 3/8
1:2 50 0/8
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Table A.8.: Conjugation of SW105 with HT115 on solid LB agar plates, incubated at 32
°C O/N, plated on LBAmp+Tet+Cam plates. Mixtures were diluted with LB medium in
increasing amounts.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
added
LB
colonies
1:100
streak
out of
single
colonies
SW105 0.53 ogt-1 0.83 1:1
1:1 30 0/8
1:2 50 1/8
1:3 50 0/8
1:4 50 0/8
1:5 50 1/8
Table A.9.: Conjugation on solid LB agar of SW105(pRK24-kan; hsp-1 ) with HT115
(ogt-1 ), incubated at 32 °C O/N or for 1h, then plated on LBAmp+Tet+Cam plates.
Donor Donor
OD600
RecipientRecipient
OD600
Ratio
donor
to re-
cipient
added
LB
Incuba-
tion
time
colonies
1:10
colonies
1:100
streak
out of
single
colonies
SW105 0.86 ogt-1 1.15 1:1
1:2
on ND
0 0/0
1:3 1000 0/8
1:5 30 1/8
1:8 100 0/8
1:10 1000 0/8
SW105 0.97 ogt-1 1.15 1:1
1:1
1h
0
ND
0/0
1:5 0 0/0
1:8 0 0/0
1:10 0 0/0
Table A.10.: Conjugation of SW105 (pRK24-kan; hsp-1 ) with HT115(ogt-1 ) at different
ratios, testing whether an overabundance of donor or recipient increases the conjugation
success rate. Incubation O/N at 32 °C, streaked on LBAmp+Tet+Cam plates.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
colonies
1:100
colonies
1:1000
streak
out of
single
colonies
SW105 0.92 ogt-1 1.01
10:1 0 0 0/8
1:10 50 0 0/8
5:1 2 0 2/2
1:5 50 8 0/8
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Table A.11.: Conjugation of SW105 (pRK24-kan; hsp-1 ) with HT115(ogt-1 ) on LB agar
plates containing either Ampicillin, Kanamycin, Chloramphenicol or without antibiotic.
Donor and recipient were combined at a ratio of 5:1 and incubated O/N at 32 °C. MIxtures
were streaked on LBAmp+Tet+Cam plates.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
Ratio
added
LB
Medium colonies
1:1000
streak
out of
single
colonies
SW105 0.74 ogt-1 1.01 5:1
1:1 LB agar 50 0/8
1:2 LB agar 100 1/16
1:1
LB Amp
1/2
0 0/0
LB Kan
1/2
0 0/0
LB Chl
1/2
0 0/0
H1 0.96 ogt-1 1.01 5:1
1:1 LB agar 0 0/0
1:2 LB agar 20 1/8
1:1
LB Amp
1/2
20 0/8
LB Kan
1/2
0 0/0
LB Chl
1/2
0 0/0
Table A.12.: Conjugation on LB agar plates incubated O/N at 37°C. Subsequent antibi-
otic selection on LBAmp+Tet+Cam. Increase of dilution does not yield a better conjugation
success rate.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
Ratio
added
LB
colonies
1:1000
streak
out of
single
colonies
SW105 0.93 ogt-1 0.95 5:1
1:2 0 0/8
1:5 0 0/8
1:10 2 0/8
H1 0.75 ogt-1 0.95 5:1
1:2 0 0/8
1:5 1 1/1
1:10 8 0/8
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Table A.13.: Comparative conjugation of using pRK24 (unmodified) in "original" donor
strain, in SW105 as well as pRK24-kan after recombineering. Incubation for 1h or O/N
at 32°C. Plating and subsequent streak out on LBAmp+Tet+Chl plates.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
Incubation
time
streak
out of
single
colonies
pRK24 (original) 0.96 sg41 0.84 5:1 1h 8/8on 8/8
SW105 (pRK24-amp) 0.76 sg41 0.84 5:1 1h 8/8on 8/8
SW105(pRK24-kan) 0.81 ogt-1 1.13 5:1 1h NDon 8/8
Table A.14.: Conjugation of newly generated donor strain EPI300 (pRK24-kan; hsp-
1 ) at different growth phases. Conjuguation 1h or O/N at 37ÂřC on LB agar plates.
Antibiotic selection on LBAmp+Tet+Cam plates.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
donor to
recipient
Incubation
time
streak
out of
single
colonies
EPI300 (pRK24-kan;
dBT462)
0.83 ogt-1 0.7 5:1 on 8/8
EPI300 (pRK24-kan;
dBT462)
1.2 ogt-1 0.7 5:1 on 8/8
EPI300 (pRK24-kan;
dBT462)
0.94 ogt-1 1.25 5:1 1h 1/8
EPI300 (pRK24-kan;
dBT462)
0.94 ogt-1 1.25 5:1 on 8/8
Table A.15.: Conjugation of overnight cultures in exponential phase, incubated for 1h at
37°C, plated and subsequently streaked out on LBAmp+Tet+Cam.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
Donor
to Re-
cipient
Incubation
time
streak
out of
single
colonies
PCR
confir-
mation
donor
PCR
confir-
mation
recipient
hsp-1 2.03 smuv-1 3.42 5:1 1 h 8/8 8/8 8/8ogt-1 3.39
hsp-1 1.33
ogt-1 1.87
5:1 1 h 16/16 NA 3/3smuv-1 2.4smuv-2 2.48
wdr-5.1 2.09
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Table A.16.: Conjugation of bacterial cultures either in exponential or in stationary
growth phase cultures, incubated for 1h at 37°C, plated and subsequently streaked out
on LBAmp+Tet+Cam.
Donor Donor
OD600
Recipient Recipient
OD600
Ratio
Donor
to Re-
cipient
Incubation
time
streak
out of
single
colonies
PCR
confir-
mation
donor
PCR
confir-
mation
recipient
lin-53 0.6 utx-1 0.57 5:1 1 h 8/8 4/4 4/41.2 1.73 8/8 4/4 4/4
Table A.17.: Conjugation in 96-well plates of donor EPI300(pRK24-kan; lin-53 ) with
recipient HT115(ogt-1 ) incubated for 1h at 37 °C.
Row Donor OD600
donor
Recipient OD600
recipient
Volume
donor :
recipient
[µL]
LB-
Carb-
Tet-Chl
plate
streak
out
A lin-53 4.1 utx-1 3.1 20:5 2/12C 4/12
F lin-53 14.1 utx-1 3.1 5:5 11/12H 12/12
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